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During the 2015 Plains Elevated Convection at Night (PECAN) project, airborne radar and 
optical array probe data were collected within 42 spiral ascents/descents of the NOAA P-3 aircraft 
across various regions of six mesoscale convective systems (MCSs) at multiple stages of system 
development. These spirals sampled MCSs corresponding to various archetypes, including several 
conforming to the classic leading-line/trailing-stratiform mode, and others conforming to the 
parallel stratiform, leading stratiform, and nonlinear system modes. In one case observations were 
made in the stratiform region trailing a frontal squall line. Multiple-Doppler syntheses of the wind 
and reflectivity fields within the 20 June 2015 MCS were used to understand the microphysical 
and thermodynamic characteristics observed in the spirals in the context of the MCS reflectivity 
and kinematic structure. A second component of this study was a statistical analysis of the 
microphysical and thermodynamic structures observed in 37 PECAN spirals. The thermodynamic 
and microphysical structure of the MCSs were analyzed in the context of three primary MCS 
regions, namely the transition zone (TZ), enhanced stratiform rain region (ESR), and the anvil 
region (AR). 
The 20 June MCS analysis showed that within the transition zone coincident with the rear 
inflow notch, cooling by sublimation of particles combined with enhanced descent within the rear 
inflow jet (RIJ) allowed ice particles to survive to temperatures as warm as +6.8°C. In addition, 
mesoscale descent associated with the RIJ allowed for subsaturated air to persist above and within 
the melting layer (ML) despite sustained precipitation in the observed regions. Moistening 
associated with sublimation occurred at a greater rate in the subsaturated air above the ML than 
the rate of evaporative moistening below the ML due to changes in particle concentrations 
accompanying increases in particle fall velocity with the phase change across the ML. The 
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environment above the ML moistened between subsequent RIJ spirals, concurrent with maturation 
of the MCS and closer proximities to the convective line (CL). The effects of aggregation on the 
temperature dependent microphysical characteristics increased with increasing relative humidity, 
while the impacts of sublimation on the effects of aggregation and particle shapes, sizes and 
concentrations became less important. 
The statistical analysis of 37 PECAN spirals showed that aggregation was common within 
each of the three MCS regions, with its impacts on the temperature dependent microphysical 
characteristics the greatest in the enhanced stratiform rain region (ESR), where predominantly ice 
saturated conditions were found. Progressively smaller changes in particle sizes, shapes, and 
concentrations due to aggregation were coincident with decreases in the average relative humidity 
above the ML in the transition zone (TZ) and anvil region (AR). The reverse is true of the impacts 
of sublimation on the microphysical characteristics of these regions, such that sublimation was 
most dominant in the AR, where subsaturated conditions persisted to temperatures of −11°C on 
average and particle number and mass concentrations decreased rapidly with increasing 
temperature, consistent with a reduced importance of aggregation. Sublimation similarly limited 
the effectiveness of aggregation within the TZ. Minimal changes with respect to temperature were 
observed in the microphysical characteristics within the predominantly ice saturated environment 
of the ESR. The latent cooling imparted with sublimation is thus expected to have been the greatest 
within the AR, where the descent of the RIJ (if present) would likely initiate. Mesoscale ascent in 
the stratiform region of a trailing frontal squall line likely contributed to the notably different 
microphysical characteristics observed within two spirals. These exhibited increasing total number 
and mass concentrations with increasing temperature along with a high incidence of pristine ice 
crystals, characteristics absent within all other PECAN spirals. 
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Chapter 1: Introduction 
Significant advances in the understanding of both midlatitude and tropical mesoscale 
convective systems (MCSs) have been made over the past few decades (Houze 2018). Structural 
features common to many MCSs, including leading line convection, front-to-rear (FTR) flow aloft, 
a rear inflow jet (RIJ), a mesohigh beneath convective precipitation, and a wake low near the 
terminus of precipitation at the back edge of the enhanced stratiform rain region (ESR) have been 
elucidated (Zipser 1969, 1977; Houze 1977; Maddox 1980, 1983; Houze and Rappaport 1984; 
Smull and Houze 1985, 1987a,b; Rutledge et al. 1988a; Johnson and Hamilton 1988; Houze et al. 
1989; Stumpf et al. 1991; Trier et al. 1991; Rasmussen and Rutledge 1993; Smull and Augustine 
1993; Nachamkin et al. 1994; Klimowski 1994; Loehrer and Johnson 1995; Knupp et al. 1998; 
Haertel and Johnson 2000; Grim et al. 2009b). Observational and modeling studies have 
investigated the dynamic and thermodynamic processes associated with the generation of severe 
surface winds, bow echoes, tornadic mesovortices, and mesoscale convective vortices (Menard 
and Fritsch 1989; Brandes 1990; Bartels and Maddox 1991; Jorgensen and Smull 1993; Johns 
1993; Davis and Weisman 1994; Przybylinski 1995; Trier et al. 2000a,b; Rogers and Fritsch 2001; 
Davis et al. 2002; Trier and Davis 2002; Weisman and Trapp 2003; Trapp and Weisman 2003; 
Atkins et al. 2004, 2005; Trapp et al. 2005; Wakimoto et al. 2006a,b; Conzemius et al. 2007; Davis 
and Galarneau 2009; Schumacher and Johnson 2009; Atkins and St. Laurent 2009a,b; James and 
Johnson 2010; Schenkman et al. 2011a,b, 2012; Newman and Heinselman 2012; Schumacher et 
al. 2013). 
Numerical modeling has been used to better understand the importance of microphysical 
processes acting in MCSs. Miller (1978), recognizing the need for the parameterization of ice 
microphysical processes, included particle fall speeds representative of graupel in a warm rain 
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parameterization that improved the simulation of a supercell. Ice-phase microphysics 
parameterizations soon became common in simulations of convective systems, including those of 
tropical cyclones (Lord et al. 1984) and tropical squall line clusters (Yoshizaki 1986). Modeling 
studies of midlatitude squall lines with ice-phase microphysics parameterizations (e.g., Rutledge 
and Houze 1987; Fovell and Ogura 1988) produced system structures more consistent with 
observations, with more widespread precipitation in the ESR due to more appropriate size sorting 
of ice particles lofted from the convective line (CL). A squall line documented on 10-11 June 1985 
during the Preliminary Regional Experiment for STORM-Central (PRE-STORM; Cunning 1986) 
spurred additional modeling studies (e.g., Zhang and Gao 1989; Gallus and Johnson 1995; Yang 
and Houze 1995; Gallus 1996; Braun and Houze 1997) that reinforced and characterized the 
important role of latent heating and cooling in driving the descent of the RIJ, production of realistic 
stratiform precipitation, and the development of the wake low.  Investigations into the sensitivity 
of MCS structure and evolution to ice-phase microphysics has continued in recent idealized 
(e.g., Adams-Selin et al. 2013) and observationally constrained (e.g., Marinescu et al. 2016) 
simulations. Additionally, new bulk parameterization schemes that predict particle properties (e.g., 
Morrison and Milbrandt 2015; Jensen et al. 2018) have been developed, and underscore the need 
for better observations and improved understanding of microphysical processes. 
In-situ and radar observations of the 10-11 June 1985 PRE-STORM squall line advanced our 
understanding of the role of microphysical processes in midlatitude continental MCSs. Willis and 
Heymsfield (1989) showed that the majority of melting (and associated latent cooling) occurs just 
above the radar bright band, and that the ice water content (IWC) above the ML is several times 
greater than the liquid water content (LWC) below. Biggerstaff and Houze (1991, 1993) 
hypothesized that multiple factors contribute to the reflectivity minimum in the transition zone 
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(TZ), including mechanically driven gravity waves, microphysical cooling from melting and 
evaporation, and lack of aggregation. Braun and Houze (1994) subsequently completed 
thermodynamic and microphysical retrievals from the dual-Doppler kinematic analysis presented 
by Biggerstaff and Houze (1993) to conclude that the secondary maximum in radar reflectivity in 
the ESR was most strongly influenced by vapor deposition within mesoscale ascent in this region, 
coupled with enhanced aggregation above the ML. Furthermore, they suggested that the 
suppression of ice crystal growth in the TZ is the dominant cause of the observed reflectivity 
minimum there. 
McFarquhar et al. (2007a; hereafter M07) presented in-situ vertical profiles of the properties 
and concentrations of hydrometeors above, below, and within the ML in ESRs of MCSs collected 
within 16 spiral descents of the National Oceanic and Atmospheric Administration (NOAA) 
WP-3D (henceforth, P-3) behind the CL of 10 MCSs during the 2003 Bow Echo and Mesoscale 
Convective Vortex Experiment (BAMEX; Davis et al. 2004). Their results, in combination with 
the parcel models of Grim et al. (2009a) (hereafter G09), suggested that aggregation and 
sublimation controlled the evolution of PSDs above the ML in the ESR, provided the environment 
was at or near saturation with respect to ice. Furthermore, cooling from melting and evaporation 
in subsaturated air within and below the ML were the prevailing diabatic processes in this region. 
Observations from a single spiral conducted in the subsaturated rear inflow notch of a developing 
bow echo indicated that sublimation was both reducing the impact of aggregation and acting as 
the dominant diabatic process in that region. Subsequently, Smith et al. (2009; hereafter S09) used 
P-3 X-band Tail Doppler Radar (TDR) data to provide the context of the microphysical profiles 
showing that sublimation is most important in modifying particle concentration and mass and 
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cooling the environment above the ML in the early stages of MCS development but loses 
significance as the system matures. 
Additional in-situ measurements were made in the stratiform areas behind midlatitude and 
tropical MCSs during the 1999 Kwajalein Field Experiment (KWAJEX), the 2002 Cirrus Regional 
Study of Tropical Anvils and Cirrus Layers–Florida-Area Cirrus Experiment (CRYSTAL-FACE), 
and the 2011 Midlatitude Continental Convective Clouds Experiment (MC3E; Jensen et al. 2016). 
Heymsfield et al. (2015) used these data to show that the maximum particle size increased while 
descending through the ML, regardless of if the environment was saturated or highly subsaturated. 
They further showed that little melting occurred in highly subsaturated conditions, with all 
particles experiencing sublimation. Marinescu et al. (2016) used in-situ data obtained during 
MC3E to constrain and verify their model simulation which showed that evaporative cooling 
dominates below cloud base in the convective region of MCSs, cooling from evaporation, 
sublimation, and melting are important and altitude-dependent in the ESR, and that sublimation is 
the dominant cooling process in the AR. While evaporative and sublimative cooling rates in the 
convective and ESR decreased as the MCS matured and weakened, they found minimal changes 
in latent cooling with time within the AR. 
The Plains Elevated Convection at Night (PECAN; Geerts et al. 2017) project took place over 
the Great Plains during June and July 2015, and sought to improve the understanding of the 
processes controlling the initiation, organization, and maintenance of nocturnal MCSs, particularly 
those which are elevated. One of the primary objectives of PECAN was to gather detailed in-situ 
microphysical and thermodynamic data within nocturnal MCSs, with the 2003 BAMEX dataset 
offering the only other such set of observations prior to PECAN. 
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The NOAA P-3 aircraft sampled nine separate MCSs over the course of PECAN, with six of 
those missions containing spiral ascents/descents in the various MCS regions, analyses of which 
are presented in this study. The PECAN MCSs rarely conformed to the classic leading-line/trailing 
stratiform (TS) structure of Houze et al. (1989) and were sampled across all stages of development. 
In contrast, the majority of the MCSs studied in BAMEX did resemble the TS structure, with 
observations focused closer to the CL than in PECAN, and primarily in the mature and weakening 
stages of storm development.  
The PECAN dataset affords the opportunity to expand upon the prior analyses from BAMEX, 
with more observations, and across a more diverse set of MCS archetypes and regions. Chapter 2 
provides an overview of the data and analyses presented in this study, along with details of data 
processing and quality control. Chapter 2 also provides a description of the scheme by which 
MCSs and the spirals within were classified. Chapter 3 gives a detailed analysis of the 
thermodynamic and microphysical characteristics of the 20 June 2015 MCS, using multiple-
Doppler syntheses to place these observations in the context of storm structure, especially with 
regard to the RIJ which the P-3 transected a total of four times over the course of this mission. 
Chapter 4 provides a statistical analysis of 37 PECAN spirals, with comparisons made among the 
three MCS zones, and consideration of how these analyses compare to those from BAMEX. 
Details of how the ESR may be modified by the RIJ, as well as analyses of two spirals which 
sampled behind a frontal squall line are also presented. Chapter 5 provides a discussion and the 
main conclusions of this study.  
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Chapter 2: Data and Methodology 
The PECAN project utilized a wide array of highly-instrumented ground-based and airborne 
platforms with the intent to study nocturnal, and ideally elevated, MCSs. The present study 
primarily utilizes data collected aboard the P-3 aircraft, which was equipped with a Droplet 
Measurement Technologies (DMT) Cloud Imaging Probe (CIP) and a Precipitation Imaging Probe 
(PIP) to characterize cloud and precipitation properties, numerous probes for measuring 
atmospheric state parameters, and the NOAA TDR to measure the velocity and reflectivity 
structure of the sampled systems. Data from several National Weather Service (NWS) Weather 
Surveillance Radar-1988 Doppler Polarimetric (WSR-88DP, hereafter 88D) operational radars are 
used to supplement the TDR in the multiple-Doppler wind syntheses presented in Chapter 3. This 
chapter describes the nature of and caveats associated with these data, along with the methods 
employed in collecting, processing, and analyzing these observations. 
2.1 Microphysics and Thermodynamic Observations and Processing 
The CIP and PIP are 64 element optical array probes (OAPs) with sizing elements of 25-µm 
and 100-µm resolution respectively, nominally allowing for the detection of particles with 
maximum dimension (D) ranging from 25 µm to 6.2 mm. For unknown reasons, the PIP 
malfunctioned during the experiment, and following a thorough analysis of probe parameters and 
comparison of observations with those from the CIP, these data were excluded from the present 
study. Thus, the largest resolvable D was approximately 2 mm when reconstructing particles 
whose edges were beyond, but whose centers were within, the probe sample area. Estimates of 
various size-resolved and bulk microphysical parameters for particles with D up to 12 mm were 
achieved by extending fits performed to the CIP observations to larger D. Observations of bulk 
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total water content were made during PECAN using the Science Engineering Associates, Inc. 
WCM-2000. However, a zero-state reference variable failed to be recorded in these data files thus 
preventing the determination of the observed total water content. 
2.1.1 Sampling Strategy 
The P-3 executed 42 spiral ascents/descents (henceforth, spiral profiles) in six different MCSs 
during PECAN. To allow time for more spirals to be acquired during missions which were limited 
to eight hours in duration, and to avoid aircraft charging near and within the ML, no attempt was 
made to perform quasi-Lagrangian spiral descents (Lo and Passarelli 1982; M07) that could track 
the fall of particles. The PECAN spirals instead provide temperature-dependent profiles of 
atmospheric state and in-situ cloud microphysical parameters. When considered in the context of 
MCS type, structure, and stage of growth, these profiles offer insight into the microphysical and 
thermodynamic processes occurring, even though the action of those processes on specific particle 
populations is not tracked.  
2.1.2 PIP Data Discard 
The PIP malfunctioned during every mission it was deployed on during PECAN. The nature 
of the problem could not be ascertained in the field, and even persisted when alternate PIPs were 
used. The problem with the PIP was identified due to the much lower particle concentrations in 
the size range shared with the CIP, the fact that specific diode elements were never shadowed 
causing gaps in particle images as illustrated in Fig. 2.1, and the observation that end diode 
voltages were frequently below the 1 V threshold recommended by the manufacturer to show 
sufficient signal was registered by the diode. 
A number of comparisons between the CIP and PIP size distributions were conducted for each 
of the six missions during spiral profiles to better characterize the response of the PIP and CIP as 
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a function of environmental variables. One example of the analysis is shown for data collected 
during spirals executed on 6 July 2015.  
A useful parameter for identifying degradation in the quality of images obtained by OAPs is 
the diode voltages as this shows whether sufficient signal is being received by the diodes to detect 
their shadowing by a particle passing through the sample volume. The DMT Particle Analysis and 
Display System (PADS) control software for the CIP and PIP logs the diode voltages for the end 
diodes (diodes 1 and 64) and the middle diode (diode 32). When no particles are present, the CIP 
end diodes should nominally register a voltage between 1.5 and 3.2 V, and between 2 and 3.6 V 
for the middle diode. The PIP end diode voltages should nominally lie between 1.5 and 3 V, and 
between 1.2 and 3.7 V for the middle diode. Fig 2.2 shows the voltage for diode 1 for both the CIP 
and PIP spanning the entire 6 July 2015 flight. The CIP voltage stayed within its ideal voltage 
range for nearly the entire flight. On the other hand, the PIP voltage fluctuated widely, and often 
well beyond the nominal range.  
To better assess the performance of the cloud probes, the ratio of the measured number 
distribution function, NCIP(D)/NPIP(D), for different D in the overlap range is examined. Fig. 2.3 
shows the average NCIP(D)/NPIP(D) for D＝500, 1000, and 1400 µm for six spirals flown on 6 July 
2015 where periods of sudden decreases in or extended periods of low PIP voltages accompanied 
incomplete particle images were removed. This resulted in the omission of PIP data from almost 
exclusively downward spirals at T > ~0°C, and in this example the complete omission of data from 
spirals 7 and 8. The average NCIP(D)/NPIP(D) is only very rarely near or equal to 1.0, as expected 
if N(D) from each probe were nearing agreement, with CIP concentrations frequently more than 5 
times greater than those indicated by the PIP. The level of disagreement between NCIP(D) and 
NPIP(D) was found to increase during each mission, with later spirals suffering the greatest 
 9 
degradation in data quality (as in spirals 7 and 8 from the 6 July 2015 flight). The relatively 
consistent increase in NCIP(D)/NPIP(D) with decreasing temperature within each spiral may have 
been related to fogging of the sensors, though it remains unclear why the CIP, having a similar 
technical configuration, was unaffected. 
Another way to investigate probe performance is to determine the total number of times each 
individual diode was shadowed as a function of diode number. Fig. 2.4 shows the normalized 
number of times each photodiode was shadowed as a function of diode number for 1°C temperature 
bins centered at -4.5°C, -1.5°C, 1.5°C, and 5.5°C. Only temperature bins consisting of at least 300 
imaged particles from each probe were included in these plots to ensure the results are statistically 
significant, where counting uncertainties are defined by √𝑁. For the CIP, each diode shadowed 
approximately the same number of times, with only minimal dependence on T (Fig. 2.4 a,c). 
Conversely, the PIP exhibited numerous diodes registering very few or no particle counts across 
all spirals, though with no readily apparent dependence on temperature (Fig. 2.4 b,d).  
Given the problems with the diode voltages, inconsistencies in how frequently the various 
photodiodes were shadowed, the missing diodes in the imaged particles, and the inconsistencies in 
N(D) derived from the CIP and PIP, it was determined that the PIP data were not sufficiently 
reliable to use for any time period. However, given the importance of large ice crystals and 
raindrops and their role in microphysical processes and the associated latent heating, it is important 
to have some indication of their concentrations. Thus, fits to the CIP size distributions were 
extended to particle sizes beyond the original data. Although this introduces uncertainty, M07 
showed that such an approach could provide qualitative estimates of the concentrations and 
distributions of large particles. This approach, combined with the processing techniques used for 
the microphysical analysis, are described in the next section. 
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2.1.3 CIP Processing and Extension 
The University of Illinois/Oklahoma OAP Processing Software (UIOOPS, McFarquhar et al. 
2018; see also McFarquhar et al. 2017) was used to decompress the raw CIP data, perform quality 
control (QC), and determine particle-by-particle characteristics and 1-s and 10-s averaged PSDs 
and bulk parameters. D was determined as the diameter of the smallest circle enclosing each 
particle (Wu and McFarquhar 2016). The area ratio (𝒜; McFarquhar and Heymsfield 1996) of 
each particle was defined as the projected area of a particle divided by the area of a circle with 
diameter D. Particles with 𝒜 < 0.2 were rejected as such particles are frequently artifacts, and 
particles with D < 125 µm were discarded due to uncertainties in the probe’s depth of field for 
these particles (Baumgardner and Korolev 1997) and because of the possibility they could be 
shattered artifacts. 
Korolev and Isaac (2005), McFarquhar et al. (2007b, 2011), Jackson et al. (2014), and others 
have shown that particles with D < 500 µm measured by OAPs may be shattered artifacts, which 
occur when large ice crystals shatter on probe arms with the remnants entering the sample volume. 
Anti-shattering probe tips (Korolev et al. 2011) were not installed on the CIP during PECAN. To 
minimize the inclusion of shattered artifacts while retaining as many natural particles as possible, 
artifacts were removed based on the distribution of particle interarrival times (𝜏; the time interval 
between the arrival of each particle in the sample volume) following Field et al. (2003, 2006). The 
𝜏 threshold for distinguishing between artifacts and natural particles was determined on a 
spiral-by-spiral basis, where the average 𝜏 across all spirals was 3.5´10-5 s. Particles with 𝜏 below 
the threshold were removed, along with the particle immediately preceding if D < 500 µm.  
After removing artifacts, each particle was assigned one of nine habit classifications following 
Holroyd (1987). The mass of individual particles was then determined using 𝑚 = 𝑎𝐷), using the 
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habit-dependent coefficients a and b summarized by Jackson et al. (2014). Consideration was 
given to the definition of particle diameter utilized in the original calculations of these 
mass-diameter (m-D) relationships, and adjusted following Hogan et al. (2012) to account for the 
use of D instead of mean diameter as in Brown and Francis (1995).  
To better characterize the concentrations of particles normally observed by the PIP, the CIP 
data were extended to larger D using a gamma function characterizing each 10-s averaged PSD, 
as determined using an incomplete gamma fit (IGF; McFarquhar et al. 2015) to the 0th, 2nd, and 3rd 
moments of the observed PSDs, where the number distribution function N(D) is given by 
𝑁(𝐷) = 𝑁,𝐷-𝑒/01  
where N0 is the intercept, µ is the shape parameter, and λ is the slope. The IGF was calculated only 
for times when at least 17 of the 34 size bins contained non-zero values. The CIP observations 
were retained in the final analysis for times not meeting this criterion, with null values substituted 
for the N(D) in the extended size range. This method certainly introduces a bias towards smaller 
particles by ignoring the potential contributions of larger particles within the extended size range. 
Fits to data with fewer than 17 bins of non-zero values frequently resulted in N(D) much higher 
than expected for particles of large D, and occasionally exhibited exponential increases in N(D) 
with increasing D. The alternative, discarding all 1118 affected CIP PSDs with fewer than 17 
non-zero particle size bins (~31% of the 3629 observed PSDs), would arguably have introduced 
an even greater bias of unknown nature by greatly reducing the total number of observations. An 
additional 31 PSD fits (< 1%) were discarded because negative values of λ resulted from the fits 
to those data, indicative of unrealistic exponential increases in N(D) at larger D. Using the IGF-
derived fit parameters, the observed N(D) for each time step was extended to a D of 12 mm, with 
bulk quantities such as total number concentration (Nt), total water content (TWC), and median 
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mass diameter (Dmm) calculated over 0.125 ≤ D ≤ 12 mm. Where the mass distribution function 
M(D) peaked for D > 2 mm, more than half of the mass was assumed to be contained in particle 
sizes larger than those observed, indicating considerable uncertainty in the derived cloud 
parameters for those times. While it is unknown how well the fit characterizes N(D) for these larger 
particles, the fits are still used to avoid biasing the data by ignoring time periods with large mass 
contributions from particles with D > 2 mm. Times when the contribution of mass from particles 
with 2 < D ≤ 12 mm exceeded that from the observed range of 0.125 ≤ D ≤ 2 mm by more than a 
factor of 7 were excluded from the analysis. Only 9, 10-sec averaged PSDs (~0.2% of the total 
observed) met this criterion.  
2.1.4 BAMEX-PECAN Processing Differences 
The BAMEX microphysical data were collected before the impact of particle shattering on 
the tips of in-situ sampling probes was well understood. Since that time, Jackson et al. (2014) and 
others have shown that the inclusion of shattered artifacts can artificially increase the N(D) for 
particles with D < 500 µm by up to a factor of 10. Meanwhile, Jackson and McFarquhar (2014) 
showed that higher-order moments of PSDs such as TWC and Dmm varied by less than 20% when 
shattered artifacts were included. The OAPs employed during BAMEX were not outfitted with 
probe arm anti-shattering tips, nor were any corrections made during post-processing to account 
for the presence of shattered artifacts. As discussed in Section 2.1.3, the CIP used during PECAN 
also lacked anti-shattering probe arm tips, though removal of shattered artifacts was accomplished 
in post-processing with UIOOPS. 
Another source of uncertainty resides in the determination of particle mass and higher-order 
moments such as TWC which derive from this. Jackson and McFarquhar (2014) showed that 
quantities such as TWC could vary by as much as 60% when determined using particle mass 
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derived from habit-dependent m-D relationships, such as those used to determine particle mass for 
PECAN, versus using mass determined using the cross-sectional mass-area relation of Baker and 
Lawson (2006). As outlined in Appendix B of M07, different sets of m-D coefficients were 
prescribed on a spiral-by-spiral basis in the BAMEX microphysical analysis by forcing closure 
with observed reflectivity. While this approach differs from the Baker and Lawson (2006) 
approach that Jackson and McFarquhar (2014) compared against, it’s reasonable to expect that the 
differences in m-D relations between BAMEX and PECAN could be associated with differences 
of similar proportions. 
The sensitivity of the PECAN TWC values to different m-D relationships was evaluated by 
calculating the TWC of a single PECAN spiral (Spiral 13 of 9 July) using the (a, b) coefficients 
from three different (non-outlier) BAMEX cases and comparing the results to the original TWC 
associated with the PECAN spiral (Fig. 2.5). Spiral 13 from 9 July was chosen for this comparison 
as it was nearest the median TWC of all PECAN ESR spirals, and thus most representative of a 
typical ESR spiral. The chosen BAMEX (a, b) coefficient sets were (0.097 mg mm−b, 1.7) from 
the second 29 June 2003 spiral (non-RIJ), (0.064 mg mm−b, 2.0) from the 3 July 2003 spiral, and 
(0.046 mg mm−b, 2.1) from the second 6 July 2003 spiral. This comparison revealed that the use 
of BAMEX m-D relations yields values of TWC 2-10 factors greater than that given by the use of 
PECAN habit-dependent m-D relations. Additional factors which may have contributed to the 
disparity in the BAMEX and PECAN bulk quantities is discussed further in Chapter 4. 
2.1.5 Raw Particle Image Analysis 
To better characterize the vertical variability of hydrometeor shape for each spiral, particle 
images representative of the habits present within each spiral were manually selected and sorted 
into 1°C bins. Though subjective, this allows a visualization of the vertical variability of particle 
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habit. In addition, averages of particle 𝒜 were determined to give a quantitative measure of how 
particle shape changed with temperature within each spiral. This provides for a sense of if the 
overall sphericity and/or spatial density (i.e., graupel will have a higher 𝒜 than a circular dendrite 
of the same diameter) of the particles was changing with temperature and from spiral to spiral. 
Inspection of all particle images within each spiral also allowed the temperatures of the top 
and bottom of the ML, if present in the sampled region, to be determined. The top of the ML was 
defined where melting was first observed, typically characterized by the presence of ice crystals 
whose edges began to become rounder compared to the often sharp, well-defined edges of the 
crystals at sub-freezing temperatures. The bottom of the ML was defined where evidence of ice 
was no longer present and all observed particle images were spheroids. In some cases, no particles 
were detected at the temperatures where one would expect the ML bottom to exist. In these cases, 
the ML bottom was defined as the highest temperature where the observed transition to liquid 
water was not yet complete. The location of the ML was used in the calculation of TWC, with the 
mass of particles above the ML within the observed size range (D £ 2 mm) determined using the 
habit-dependent mass coefficients described in Section 2.1.3, and the mass of particles for larger 
sizes determined by the IGF fit determined using the aforementioned corrected version of the 
Brown and Francis (1995) m-D relationship. Particles observed below the bottom of the ML were 
assumed to have a density of 1 g cm-3, and a spherical volume weighted by the spiral-averaged, 
T > 0°C, 𝒜 to account for the prolate nature of the drops (potentially owing to complex flow in 
the vicinity of the probe). This method was also used for determining the M(D) for the extended 
distribution with T > 0°C, though instead using an 𝒜 averaged over all spirals as the volume 
weighting factor. Particle mass is difficult to determine in mixed-phase conditions within the ML 
and it is beyond the scope of the present study to determine a quantitative way to calculate these 
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masses. As such, data within the ML have been excluded from our analyses for all variables 
dependent on mass.  
2.1.6 Atmospheric State Variables 
The P-3 was equipped with a Rosemount 102 total temperature sensor and two chilled mirror 
hygrometers (Buck Research 1011C and Edgetech Instruments 137) for measuring dewpoint 
temperature (Td). Following each flight, a NOAA data technician determined any periods of 
erroneous output from the two hygrometers and merged the datasets as necessary to provide a 
single quality-controlled set of Td. Eastin et al. (2002) found that sensor wetting can lead to 
significant errors in airborne temperature measurements. They showed that applying the Zipser et 
al. (1981) correction method reduced such errors by an average of 30%-50%. Following the 
methodology of M07, the Zipser et al. (1981) sensor wetting correction was applied to the flight-
level temperature measurements from PECAN, the corrected values hereafter referred to as T. 
Using T and the quality-controlled Td, flight-level relative humidity with respect to water and 
ice were computed using the 6th order polynomial, and associated coefficients for water and ice, 
proposed by Lowe and Ficke (1974). Unless otherwise stated, relative humidity will be referred to 
as RH, and is with respect to liquid water for T > 0°C, and with respect to ice for T ≤ 0°C. 
2.2 Radar Observations and Synthesis 
The case study presented in Chapter 3 examines the microphysical and thermodynamic 
characteristics within the 20 June 2015 MCS, sampled over South Dakota during PECAN 
Unofficial Field Operation 4 (UFO4). The location of this MCS was too far north of the operational 
domain to be targeted by any of the ground-based assets available during the project. As such, 
radar observations of this system are limited to those from the NOAA TDR, a 3.22-cm wavelength 
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X-band conically-scanning Doppler radar, and a number of 88D 10-cm wavelength S-band 
operational radars. The P-3 completed 7 spiral profiles within the 20 June MCS, with TDR data 
from Spirals 2, 5, and 7, which transected the RIJ, used in the Spline Analysis at Mesoscale 
Utilizing Aircraft and Radar Instrumentation (SAMURAI; Bell et al. 2012) radar wind syntheses 
considered in the present study. 
2.2.1 WSR-88DP Radar Composites 
To provide a broad scale overview of the 20 June 2015 South Dakota MCS, data from the 88D 
radars located in Rapid City (KUDX), Aberdeen (KABR), and Sioux Falls (KFSD) South Dakota, 
Minot Airforce Base (KMBX), Bismarck (KBIS), and Grand Forks (KMVX) North Dakota, and 
Minneapolis (KMPX) Minnesota were combined using the Python ARM Radar Toolkit (Py-ART; 
Helmus and Collis 2016) to produce a composite radar reflectivity field at 1 km above ground 
level (AGL). Table 2.1 details the specific combination of radars used to track the position of the 
MCS at various stages of its evolution. The data were sorted into consecutive bins of 5 minutes 
within each period by rounding the observation time from each radar data file to the nearest 
5-minute increment. Before these data were composited, they were filtered for biological returns, 
such as those from insects, by removing gates with large standard deviations in differential phase 
following Lang et al. (2007) using utilities included in the CSU_RadarTools package 
(Lang et al. 2017).  The output cartesian grid was centered at (45.38°N, 99.66°W) with 600 grid 
points in both the N-S and W-E directions at 1-km horizontal resolution and with 4 vertical levels 
at 500-m vertical resolution between 1.0 km and 2.5 km AGL. Each radar gate was mapped to a 
cartesian grid point using a variable radius of influence accounting for beam broadening with 
increasing distance from each radar.  
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The flight track of the P-3 was plotted at 1-minute intervals atop the resulting composited 
radar reflectivity field, with the maximum range (71.38 km) of the fore and aft beams of the TDR 
provided for reference. Examples of these plots are presented in Chapter 3 to provide an overview 
of the 20 June MCS. In addition, the same approach was used to produce mission overview 
composite imagery for the other PECAN P-3 cases, with plots of such provided in Chapter 4. 
2.2.2 WSR-88DP Characteristics and Quality Control 
Before using the 88D data in SAMURAI to help constrain the output analyses and extend the 
domain beyond that of the TDR, a number of steps were taken to quality control the data and 
remove contaminated gates. These procedures were applied to data from KUDX, KABR, and 
KFSD, as these were the only 88Ds consistently within range of the 20 June MCS. The 88Ds use 
a predefined set of scanning strategies known as Volume Coverage Patterns (VCPs) which 
incorporate differing sets of elevation angles and radar waveforms to best sample a given set of 
meteorological phenomena. At the time of the 20 June MCS, KUDX, KABR, and KFSD were all 
using VCP 212, which consists of 14 different elevation angles and is best suited for widespread 
convective events and/or long-range detection of convective systems. While all 88Ds are classified 
as 10-cm wavelength S-band radars, slight variations exist in the exact configuration of each; 
Table 2.2 summarizes the key characteristics of each 88D used. 
The first step in preparing the 88D data for incorporation into a SAMURAI analysis is to 
ensure that radial velocities have not exceeded the Nyquist velocity associated with the given pulse 
repetition frequency (PRF) for each elevation cut of the radar volume. When the Nyquist velocity 
is exceeded, reported radial velocities are “folded” to the opposite end of the Nyquist interval. For 
example, a true velocity of 32 m s−1 would be measured as −30.6 m s−1 within the 10° elevation 
cut of KUDX during the 20 June MCS, given the associated Nyquist velocity of 31.3 m s−1. Given 
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the exceptional wind speeds observed within this MCS, often exceeding 40 m s−1, unfolding the 
measured radial velocities was a critical step in the QC process and was completed using the 
National Center for Atmospheric Research (NCAR) Solo II graphical radar analysis and editing 
software (Oye et al. 1995). 
Following the correction of folded velocities, the 88D data were further processed to remove 
non-meteorological returns, including those from insects, birds, and ground clutter, in addition to 
returns with weak signal at longer range from the radar. Co-polar correlation coefficient (ρHV), a 
measure of the consistency between the horizontally and vertically polarized returns, and spectral 
width (SW), a measure of the variability of radial velocities in a pulse volume, were used as 
thresholding parameters for the 88D data. Values of ρHV between ~0.75 and 1.0 are generally 
considered to be associated with meteorological returns as the shapes and sizes of hydrometeors 
typically do not vary significantly within a pulse volume. Though technically ρHV cannot exceed 
1.0, the algorithm employed by the NWS is known to produce values of ρHV > 1.0, which are 
considered to be “estimation artifacts” typically resulting from weak signal returns at long range 
(NWS Warning Decision Training Division 2011). Thus, the 88D reflectivity and radial velocity 
data corresponding to ρHV < 0.75 and ρHV > 1.1 were discarded, with values up to 1.1 included in 
an effort to retain as much of the long-range returns as possible, at the expense of a slight decrease 
in signal quality in those areas. Bell et al. (2013) showed that values of SW above 8.0 m s−1 were 
typically only associated with noise in their verification dataset of airborne radar data. While the 
88Ds are obviously not airborne platforms, it is reasonable to assume that the SW of non-
meteorological targets and general noise will not vary significantly between a mobile and 
stationary platform. Therefore, following the thresholding on ρHV, reflectivity and redial velocity 
data were discarded when coincident values of SW exceeded 8.0 m s−1.  
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The final stages of QC of the 88D data involved “despeckling” and “defreckling” the radial 
velocity data. Speckles are defined as a given number of consecutive radar gates, in this case 
defined as 4 gates, isolated from any other returns. Freckles are outliers embedded within other 
radar returns, determined based on a given deviation from the moving mean of a set number of 
gates, defined here as gates with radial velocities deviating from the moving mean of 4 gates by 
35 m s−1 or more. Gates flagged as speckles or freckles in the radial velocity data were 
subsequently removed from the reflectivity field. 
2.2.3 TDR Characteristics and Quality Control 
The TDR consists of a single 3.22-cm wavelength X-band Doppler radar which utilizes the 
Fore/Aft Scanning Technique (FAST; Jorgensen et al. 1996) whereby the radar alternates between 
two separate conically-scanning antennas, pointing 20° fore and aft of the P-3, every full 360° 
sweep. Key characteristics of the TDR are provided in Table 2.3 (Jorgensen et al. 1996; D. P. 
Jorgensen & C. Ziegler, personal communication, 2017). Though observations from the TDR are 
of higher temporal and spatial resolution than those from the 88Ds, the smaller wavelength of the 
TDR significantly increases the susceptibility of the returned power to the effects of attenuation. 
Given the moderate to heavy precipitation often encountered in MCSs, attenuation often limited 
the ability of the TDR to fully resolve the ESR and CL within its maximum unambiguous range. 
Unlike those from 88Ds, observations from the TDR for 20 June were not found to be affected 
by velocity folding as a dual-PRF technique (Jorgensen et al. 2000) was used during PECAN 
missions. In this case, the dual-PRF technique employs two PRFs differing by a ratio of 4/3, with 
a high PRF of 2100 Hz and a low PRF of 1575 Hz. The PRF alternates between these two values 
every pulse train, or ray, yielding adjacent measures of radial velocity subject to two different 
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Nyquist velocities. The difference between the chosen PRFs determines the extended Nyquist 
velocity achievable with this technique (Jorgensen et al. 2000): 








). The signal processor (Vaisala Sigmet RVP8) assumes adjacent gates within each ray 
pair share approximately the same true radial velocity and accordingly corrects any folded 
velocities within each ray. This assumption is frequently violated in regions of high wind shear 
and/or turbulence, common in MCS environments, and results in unfolding errors by the signal 
processor whereby the incorrect number of folds are assumed, or unfolding is applied to gates not 
requiring it. An algorithm utilizing left, right, and centered median calculations within a variably-
sized moving window was used to identify and subsequently correct gates affected by these 
processor errors (Alford et al. 2018). 
Data from the TDR are subject to a number of additional processing considerations compared 
to the 88Ds given the movement of the P-3 platform and differences in radar characteristics. Most 
notable among these are the removal of aircraft motion from the radial velocity data, and the 
identification and removal of radar gates associated with surface echo. Data from the aircraft 
inertial navigation system (INS) are recorded within the radar data files and can be used within 
Solo II to remove the velocity of the aircraft from the radial velocity measurements. These data 
are also used to remap radar gates to an Earth-relative coordinate system by accounting for the 
drift, pitch, and roll of the aircraft, as well as the tilt, rotation, and range delay of the radar. Straight 
and level calibration flight legs over a relatively flat region were performed during each mission, 
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and following Testud et al. 1995; Bosart et al. 2002; Cai et al. 2018, were used to determine 
correction factors for each of these parameters before they were applied to the data.  
Following the navigation corrections, a hybrid of the QC levels outlined in Bell et al. (2013) 
were applied. First, regions of noise were filtered out by removing data coincident with values of 
the signal quality index (SQI) below 0.3. SQI is based upon SW and signal to noise ratio, where 
high SW and/or low signal to noise ratio lower this value. Next, data within the first 500 m of the 
radar were removed due to high values of reflectivity and velocity resulting from saturation of the 
receiver at close range, and data beyond 70 km range were removed due to weak and unreliable 
signal. A technique presented by Testud et al. (1995) for the removal of surface-contaminated 
echoes is used within Solo II and was applied to the TDR data using an effective beamwidth of 3°. 
Sensitivity tests using values both greater and less than 3° revealed it to remove minimal 
meteorological returns while also decreasing the amount of manual removal of surface returns 
needed later on. The TDR data were then subjected to one final thresholding procedure whereby 
gates coincident with values of SW above 4 and reflectivity lower than 5 dBZ were removed. 
Bell et al. (2013) found this parameter to be quite effective at identifying echoes associated with 
sidelobes, and while the threshold employed in this study is considered to be more aggressive, 
minimal removal of meteorological echoes was observed. 
The final set of automated QC routines applied to the TDR data included despeckling, 
defreckling, and a final despeckling pass. Speckles were defined as 3 gates, with freckles defined 
as outliers within a window of 5 gates of more than 35 m s−1. Despite the numerous QC routines 
employed at this stage, manual identification and removal of remaining spurious echoes using the 
Solo II graphical editor was required for every TDR sweep utilized in the SAMURAI analyses. 
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2.2.4 Radar Synthesis using SAMURAI 
The SAMURAI technique was introduced by Bell et al. (2012) to provide an improved 
representation of the axisymmetric structure of tropical cyclones. SAMURAI uses the 
minimization of a three-dimensional variational cost function to provide a maximum likelihood 
estimate of the state of the atmosphere, including radar reflectivity and three-dimensional winds, 
from a given set of observations. Since its introduction, SAMURAI has successfully been used in 
several other studies (Quinting et al. 2014; Foerster et al. 2014; Penny et al. 2015; Rogers et al. 
2017; Foerster and Bell 2017), while Bell et al. (2018) and the present study represent the first use 
of SAMURAI for analysis of MCSs. 
Traditional multiple-Doppler wind synthesis techniques consist of two primary steps: the 
interpolation of the input radar data from its native spherical coordinate system into a Cartesian 
coordinate system (e.g., Miller et al. 1986), followed by the derivation of the orthogonal 
components of the three-dimensional wind field from the interpolated radial velocities (e.g., Ray 
et al. 1978; Mohr et al. 1986). The interpolation procedure can be performed using any number of 
methods including nearest neighbor interpolation, bilinear interpolation, or interpolation via a set 
radius of influence coupled with an optional weighting function. Significant errors can be 
introduced through the process of interpolation, especially given potentially poor handling of 
missing or bad data, and the commonality of large and/or irregular data spacing present in many 
radar datasets. Following this interpolation, a system of equations relating the radial velocities to 
the orthogonal components of the true velocity is solved, and vertical motions are determined by 
integrating the continuity equation, as done using tools such as Custom Editing and Display of 
Reduced Information in Cartesian space (CEDRIC; Mohr 1988). This integration requires either 
the top or bottom boundary conditions be specified if performing a downward or upward 
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integration, respectively, or both if using a variational integration method. Due to the large impact 
of density weighting when using an upward integration, small errors in the estimate of vertical 
motion at the lower boundary result in a much larger total error than when integrating downward. 
However, the initial error in the estimate of the upper boundary condition is often greater due to 
lack of quality observations there. As such, a variational approach to the vertical integration is 
often used whereby a combination of both upward and downward integrations are performed, with 
the results weighted and combined according to the confidence in the estimates of both boundary 
conditions. 
Variational approaches to multiple-Doppler synthesis, such as SAMURAI, avoid the 
introduction and subsequent propagation of errors from interpolation as the analysis is performed 
in the Cartesian coordinate system and the results are mapped back to the native spherical 
coordinates of the radar in a single step (e.g., Gao et al. 1999, 2004; or the NOAA Hurricane 
Research Division (HRD) method described by Reasor et al. (2009)). The analysis utilizes the 
minimization of a variational cost function, where each dataset can be weighted individually based 
on its error characteristics. The cost function can incorporate observations from other non-radar 
sources, and adherence of the solution to three-dimensional mass continuity balance can be used 
as an additional constraint on the analysis. SAMURAI improves upon earlier variational synthesis 
techniques by implementing the use of cubic B-splines following Ooyama (2002) as a basis for 
the final solution. This approach ensures the resulting analysis is continuous and differentiable to 
the second order, which improves estimates of quantities such as divergence and vorticity, and 
also allows for three-dimensional mass-continuity to be enforced at every point in the domain. 
Analyses obtained using SAMURAI have been compared with those from other techniques and 
were found to produce similar results (M. M. Bell 2018, personal communication). 
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In the present study, the domain for each of the three SAMURAI analyses was 
200 km × 250 km × 16 km in x, y, and z, respectively, with horizontal grid spacing of 1 km and 
vertical grid spacing of 0.5 km, centered at the midpoint (in time) of the P-3 within the spiral 
profile of each analysis. Three-dimensional mass-continuity was enforced, assuming vertical 
velocities were 0 m s−1 at the top and bottom of the domain. The radars comprising each analysis 
and the specific time ranges for each are detailed in Table 2.4. These spatial resolutions were used 
as they are on the same order as the resolution of the input radar observations. A 6∆x and 2∆z 
Gaussian filter was utilized in the analyses to help suppress higher frequency fluctuations in the 
data (Purser et al. 2003), useful in limiting noise present in the observations. This filter is also 
useful for filling gaps in the observations, which can be significant in the vertical between elevation 
cuts and in the horizontal due to beam spreading for the 88D observations, and the erratic and 
irregular gaps in all dimensions inherent in the atypical Doppler geometry of the TDR data 
collected at the outer edges of spiral profiles.   
When only data from a single radar is present near a given grid point, the retrieved winds at 
that point will be indicative of the radial velocity, modified by any filters used. As such, wind 
retrievals from regions consisting of input data from a single radar were masked in each analysis 
to ensure only winds resulting from at least two sets of input radial velocities were included in the 
final output. Examples of the input data coverage and resulting analysis for Spiral 5 at 2.6 km and 
5.6 km MSL are provided in Fig. 2.6. This spiral was located between KUDX and KABR, with 
slightly better overlapping coverage from the KUDX. As the TDR effectively acts as two separate 
radars due to the fore and aft tilts of the antennae, winds resolved from these data alone were 
always included in the analysis. Winds from the 88Ds were only included when either overlapping 
with data from another 88D, the TDR, or both. The spoke-like pattern observed in the region of 
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TDR returns at 2.6 km is reflective of the Doppler geometry, with inconsistent and broader beam 
spacing to the outside of the spiral, and denser overlapping coverage at the center. Such a pattern 
is also seen in the 7.6 km MSL analysis, manifest as an approximately 2-5 dBZ deficit in the 
reflectivity field at distant ranges from the aircraft. This effect is associated with the greater 
attenuation of the X-Band TDR as compared to that of the S-Band 88Ds.  
As noted by Foerster et al. (2014), exclusion of airborne radar data collected at elevation 
angles greater than 45° from the SAMURAI analysis is necessary to avoid numerical instability 
and unrealistic vertical velocities near the flight track, as this limits the projection of the vertical 
component of the wind present in those radials. Thus, while the horizontal winds retrieved from 
the TDR are well-constrained at all levels coincident with the spiral flight tracks, especially in the 
presence of observations from at least one other 88D, horizontal winds directly above and below 
the track are less well-constrained. This is especially true in cases where the TDR was sampling 
further away from the 88Ds (i.e., Spiral 5), as overlapping coverage is not achievable at lower 
elevations due to beam curvature. 
Vertical motions from the SAMURAI analyses in the current study were considered in the 
context of the reflectivity structure and the flow patterns expected in MCSs and were ultimately 
determined to be unrecoverable, primarily due to unknown upper and lower boundary conditions. 
This manifested as alternating columns of ascent and descent extending the entire depth of the 
storm. The Doppler winds described herein are limited to the horizontal wind components, which 
will provide context for the microphysical and thermodynamic observations collected aboard the 
P-3.  
 26 
2.2.5 Storm Motion Determination 
Storm-relative flow patterns within horizontally propagating systems can be difficult to 
identify from radar radial velocities and the synthesized wind fields if the translational speed of 
the system is high, as was the case for the 20 June MCS which on average propagated to the ESE 
at 23 m s−1. Thus, it is important to consider horizontal winds within a storm-relative reference 
frame to properly identify key features of MCSs such as the RIJ, front-to-rear flow, and regions of 
divergence or convergence. The observed ground-relative velocities remain relevant, as these 
provide insight into the true magnitude of winds, and the presence of potentially damaging 
straight-line winds can be better assessed. 
Storm-relative winds were determined by subtracting the u and v components of the storm 
motion vector from the vector components of the observed ground-relative winds. Attempts to 
objectively determine the storm motion were made using the method described by Matejka (2002), 
whereby the radial velocities from three consecutive volumes of 88D Doppler radar data coincident 
with each of the three SAMURAI analyses were considered to produce estimates of the most 
steady frame of reference. Data used in the production of these estimates were first quality 
controlled using Solo II to remove non-meteorological returns, and to correct folded radial 
velocities.  
KUDX was the nearest 88D to the Spiral 2 SAMURAI analysis, valid at 0508 UTC (hereafter 
all times are UTC), from which three volumes spanning 0457-0512 were utilized in the associated 
storm motion determination. The Spiral 5 analysis, valid at 0613, was approximately equidistant 
from both the KUDX and KABR 88Ds, thus separate storm motions were computed from each 
radar using volumes spanning 0606-0620 and 0607-0621, respectively. Similarly, the Spiral 7 
analysis, valid at 0752, was within range of two WSR-88Ds, KFSD and KABR, and storm motions 
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were calculated using volumes spanning 0734-0744 and 0733-0744, respectively, both for each 
radar individually, as well as a combined solution utilizing all six volumes. 
The storm motion vector components for the Spiral 2 analysis were determined to be 
(u, v) = (20, −12) m s−1, which is consistent with subjective interpretations of the overall storm 
motion at this time, lending confidence to the result.  
The storm motions derived for the Spiral 5 analysis were (u, v) = (8, 18) m s−1 from the KABR 
volumes, and (u, v) = (−7, −14) m s−1 from the KUDX volumes, suggesting storm motion was 
either towards the NNE or SSW. The strong disagreement between these solutions was likely due 
in-part to the location of the MCS near the maximum range of each radar preventing measurement 
below ~4.6 km MSL due to the curvature of the Earth, thus yielding storm motions only 
representative of part of the system. In addition, significantly different regions of the MCS were 
visible to each radar, with KUDX primarily sampling the rear of the system more towards the 
south, and KABR sampling little more than the leading CL and focused to the north. Ultimately, 
a more subjective approach to storm motion determination was used for the Spiral 5 analysis, 
where 2-3 easily identified features in the reflectivity field (e.g., convective cores) were tracked 
over the course of ~30 minutes, and at multiple radar elevation angles between 0.5° and 4.0°. The 
storm motions computed from each of these features were then combined to arrive at a final 
estimate of the average storm motion for the Spiral 5 analysis of (u, v) = (27.2, 1.9) m s−1. 
The storm motions computed for the Spiral 7 analysis were (u, v) = (18, −15) m s−1 from the 
KABR volumes, (u, v) = (−3, −15) m s−1 from the KFSD volumes, and (u, v) = (4.4, −15) m s−1 
from the combined analysis of both the KABR and KFSD volumes. While there is strong 
confidence in the v-component amongst the three storm motion calculations, the range in values 
for the u-component prevented any one of these solutions from being accepted on its own. This 
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disagreement likely exists for similar reasons as listed for this disparity in the Spiral 5 objective 
calculations, specifically that KFSD and KABR were preferentially sampling different horizontal 
and vertical extents of the MCS. While preference would have been given to the KFSD solution 
due to the proximity of KFSD to the location of Spiral 7, the low magnitude of the resolved 
u-component disagreed with the overall ESE movement of the system. As such, the decision was 
made to take an average of the KABR and KABR+KFSD storm motions, yielding a final estimate 
of (u, v) = (11, −15) m s−1.  
2.3 MCS Conceptual and Analysis Framework 
To aid in the interpretation and analysis of the microphysical and thermodynamic vertical 
profiles, the PECAN MCSs were classified into five basic convective modes, the first three 
following the modes of linear MCSs described by Parker and Johnson (2000), namely trailing 
stratiform (TS), parallel stratiform (PS), and leading stratiform (LS), the fourth being nonlinear 
systems (NL; Gallus et al. 2008), and the final mode representing post-frontal (PF) convection 
with stratiform precipitation. In addition, 5 of the TS spirals occurred near or within the axis of the 
RIJ allowing analysis of the environment within this important feature and how it compares to 
other MCS regions. Most PECAN MCSs evolved so as to not cleanly adhere to these specific 
archetypes, and some exhibited a shift in convective mode through the course of observations. As 
such, classification of the convective mode was determined on a spiral-by-spiral basis. These 
classifications and MCS region designations (discussed in the following paragraph) are provided 
for each spiral in Table 2.5. Totals for each MCS type and zone classification are provided in 
Table 2.6. 
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In addition to the overall convective mode at the time of each spiral, TDR data and the 88D 
composites discussed in Section 2.2.1 were used to aid in the classification of spirals based on their 
location relative to key MCS regions common to all linear archetypes including the TZ, ESR, and 
the anvil region (AR) (Table 2.5). Traditionally these regions are discussed in the context of the 
TS MCS archetype. The PECAN data provided an opportunity to examine the microphysical 
structure across the TS, as well as the PS, LS, and NL archetypes. Spirals were determined to be 
in the TZ if they occurred in the region of relatively weak reflectivity (< ~20 dBZ) or no radar 
echo bounded by the CL and the ESR and/or AR, where little to no precipitation was reaching the 
surface. The ESR was identified most easily by the presence of a wide area of relatively contiguous 
reflectivity between ~20-35 dBZ extending to the surface, and often accompanied by a radar bright 
band, indicated by a horizontal band of locally enhanced reflectivities typically 35-45 dBZ, 
signifying the location of the ML. The AR was considered to be any region on the periphery of the 
MCS characterized by primarily ice clouds, with any precipitation either sublimating or 
evaporating before reaching the surface. Note that the AR is inclusive of the rear anvil region of 
TS MCS archetype, fringes of the CL in the PS archetype, as well as the trailing fringe of the CL 
in the LS archetype. Fig. 2.7 shows an example TDR sweep obtained during pseudo dual-Doppler 
leg (PDD) number 8 on 20 June, which conformed to the TS mode, complete with the locations of 
each MCS region. Flight-level wind speeds from each spiral were used to determine whether a RIJ 
was transected, typically indicated by values in excess of 20 m s−1 through the spiral depth. The 
TDR radial velocities were inspected for spirals meeting this criterion to confirm the expected 
location, extent, and orientation of the strongest winds relative to the TS MCS archetype. 
The analyses presented in Chapter 4 consider the three MCS zones characteristic of the three 
linear convective models and incorporate data from 35 PECAN spirals. These are also compared 
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to a subset of the data based on whether or not the RIJ was sampled. The locations of all PECAN 
spirals relative to these idealized system types and MCS zones are shown in Fig. 2.8. For example, 
the ESR classification set within the MCS zones for a given variable x would be given as 
 𝒙DEA = F𝑥E=, 𝑥E;, 𝑥EI,⋯ , 𝑥E;KL, (2.2) 
which represents the aggregate of all x observations from each spiral S executed in the ESR. 
For each comparison and classification set therein, observations from each member spiral S 
were sorted into 1°C T intervals, ∆T, centered on integer values of T. Once again using an arbitrary 
variable x from the ESR spirals as an example, all x observations within a given ∆T is given by 
 𝒙∆N = F𝑥E,∆N	|	𝑥E ∈ 𝒙DEAL. (2.3) 
From here, the mean (?̅?), median (𝑥S), 25th and 75th percentiles, standard deviation (𝜎), and relative 
standard deviation (ℛ5 ≡ 𝜎 ?̅?⁄ ) , were calculated within each ∆T, yielding statistical 
representations of all observations of each variable as a function of T within the classification sets.  
Averages of the aggregate median and ℛ were calculated for T ≤ 0°C and T ≥ 5°C, above and 
below the ML of the included PECAN spirals, to consider how key quantities such as RH, Nt, 
TWC, Dmm, and 𝒜 varied within and relative to each classification set. Continuing with the 








where T0 is defined as 0.5°C (4.5°C) and T1 is given as the minimum (maximum) T observed in 
the classification set rounded to the nearest larger absolute half-integer, and cT is defined as the 








The average rates of change of 𝑹𝑯a , 𝑫𝒎𝒎d , and 𝓐f  relative to T within each classification set 
were also computed above and below the ML using a linear least squares fit to each, given by 
𝑑𝒙X/𝑑𝑇. Following the approach of M07, the fractional rates of change with respect to T of 𝑙𝑜𝑔𝑵𝒕a  
and 𝑙𝑜𝑔𝐓𝐖𝐂d  were derived from linear least squares fits to 𝑙𝑜𝑔?, 𝑵𝒕a  and 𝑙𝑜𝑔?, 𝐓𝐖𝐂d  for T ≤ 0°C 
and T ≥ 5°C.  
Only two spirals were executed in the TZ during PECAN, and one of these, Spiral 1 from 20 
June, was an incomplete vertical profile with observations limited to T < −9°C. In addition, the 
single AR spiral retained from 17 June had characteristics warranting separate consideration from 
the other five AR spirals. In these cases, vertical profiles of the 10-s averages of each quantity are 
shown. Layer-average values and rates of change were computed from each variable in each spiral 
directly, not from the binned median values as with the other classification sets, and ℛ was not 





































Table 2.1: WSR-88DP radars used in the creation of reflectivity composites for time periods within the lifetime of the 20 June 
2015 South Dakota MCS observed during the PECAN field campaign. 
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Radar Wavelength (cm) 
Frequency 
(GHz) Beamwidth (°) 
Along-beam 









KUDX 10.6 2.83 0.91 250 212 0.5, 0.9, 1.3, 8.0 1095 137 29.02 
      
1.8, 2.4, 3.1, 4.0, 
5.1, 6.4 
1014 148 26.86 
      
10.0 1181 127 31.3 
      
12.5, 15.6, 19.5 1282 117 33.98 
KABR 10.4 2.89 0.89 250 212 0.5, 0.9, 1.3, 1.8, 
2.4, 3.1, 4.0, 5.1, 
6.4 
857 175 22.28 
      
8.0 1095 137 28.46 
      
10.0 1181 127 30.7 
      
12.5, 15.6, 19.5 1282 117 33.33 
KFSD 10.0 3.00 0.87 250 212 0.5, 0.9, 1.3, 1.8, 
2.4, 3.1, 4.0, 5.1, 
6.4, 8.0 
1095 137 27.42 
      
10.0 1181 127 29.58 
      
12.5, 15.6, 19.5 1282 117 32.1 
Table 2.2: Characteristics of the three WSR-88DP radars used in the SAMURAI wind syntheses of the 20 June 2015 MCS, valid 
between the times 050511-051007 and 061113-061805 UTC for KUDX, 061226-061932 and 075454-075807 UTC for KABR, 
and 075339-075740 UTC for KFSD. Here, Rmax is the maximum unambiguous range of the radar and Vmax is the Nyquist velocity. 
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NOAA TDR Characteristics 
Fore/Aft Antenna Tilt (°) 20.0/−20.0 
Wavelength (cm) 3.22 
Frequency (GHz) 9.31 
Beamwidth (°) 1.98 
Along-beam Resolution (m) 75 
Along-track Resolution (m) 750 
Low/High PRF (Hz) 1575/2100 
Rmax (km) 71.38 
Vmax (m s−1) 50.72 
Table 2.3: Characteristics of the NOAA TDR, valid for the entirety of the 2015 PECAN campaign. As in Table 2.2, Rmax is the 
maximum unambiguous range of the radar and Vmax is the Nyquist velocity. 
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Spiral # TDR Times (UTC) KUDX Times (UTC) KABR Times (UTC) KFSD Times (UTC) 
2 05:03:50 - 05:13:03 05:05:11 - 05:10:07 ― ― 
5 06:04:37 - 06:22:48 06:11:13 - 06:18:05 06:12:26 - 06:19:32 ― 
7 07:45:47 - 07:58:22 ― 07:54:54 - 07:58:07 07:53:39 - 07:57:40 
Table 2.4: Time ranges of data included in the SAMURAI analysis for each spiral. 
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Date Spiral # MCS Type Zone 
17 June 2015  1†  TS AR 
  2  TS AR 
  3†  TS AR 
  4  TS ESR 
  5  TS ESR 
  6  TS ESR 
  7  TS ESR 
20 June 2015  1*  TS TZ 
  2*  TS TZ 
  3  TS AR 
  4*  TS ESR 
  5*  TS ESR 
  6  TS ESR 
  7*  TS ESR 
1 July 2015  1  NL ESR 
2 July 2015  1†  LS AR 
  2†  LS AR 
  3†  LS AR 
6 July 2015  1§  PF ― 
  2§  PF ― 
  3  TS ESR 
  4  TS ESR 
  5  TS ESR 
  6  TS ESR 
  7  TS ESR 
  8  TS ESR 
9 July 2015  1  PS AR 
  2  PS AR 
  3  PS AR 
  4  PS AR 
  5  PS ESR 
  6  PS ESR 
  7  PS ESR 
  8  PS ESR 
  9  TS ESR 
  10  TS ESR 
  11  TS ESR 
  12  TS ESR 
  13  TS ESR 
  14  TS ESR 
  15  TS ESR 
  16  TS ESR 
Table 2.5: Predominant MCS classification and zone at the time of each spiral. Asterisks (*) indicate spiral occurred within or near 
the axis of the RIJ, † indicate spiral was excluded from all analyses due to clear air sampling, § denote spirals excluded from the 
primary analysis with separate consideration, and dashes (―) indicate spirals with no zone classification. 
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    MCS Zone 
Type  TZ (RIJ) ESR (RIJ) ESR AR N/A 
TS  2 3 19 2 ― 
PS  ― ― 4 4 ― 
NL  ― ― 1 ― ― 
PF  ― ― ― ― 2 
Table 2.6: Total number of spirals assigned into each MCS type and zone classification. Dashes (―) indicate no spirals were 




Fig. 2.1: Examples of incomplete particle images resulting from degradation of diode response during Spiral 2 on 6 July 2015. 
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Fig. 2.2: Voltages of diode 1 of the CIP (solid blue line) and the PIP (solid red line) spanning the duration of the mission conducted 
on 6 July 2015. The dashed black line indicates the nominal lower operating limit for both the CIP and PIP end diode voltages, and 
the dashed red (blue) line represents the upper operating limit for the PIP (CIP) end diode voltages. 
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Fig. 2.3: Ratio of CIP to PIP particle number distribution function, N(D), for particles with D = 500, 1000, and 1400 µm (in a, b, 
and c, respectively) as a function of temperature for each of the spirals conducted on 6 July 2015 containing PIP data with complete 
particle images and voltages within the accepted operating range. Dashed lines indicate the given profile was a spiral descent, and 
solid lines indicate spiral ascents. Only PIP data passing cursory quality control checks were included in this analysis. 
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Fig. 2.4: Total number of times each diode was shadowed as a function of diode number normalized within bins of -5°C, -2°C, 
1°C, and 5°C (blue, red, yellow, and purple lines, respectively). Values are plotted for spiral 3 from 6 July 2015 for the CIP (a) and 
PIP (b), along with values from spiral 4 of the same mission for the CIP (c) and PIP (d).  
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Fig. 2.5: PECAN TWC (g m−3; black line) as a function of T (°C) for Spiral 13 within the 9 July 2015 MCS. The TWC derived 
using three different BAMEX m-D relationships applied to the Spiral 13 N(D) are provided for comparison (purple, dark red, and 
teal lines).  
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Fig. 2.6: Example synthesized radar reflectivity and ground-relative winds at 2.6 km (a) and 7.6 km (b) MSL from the Spiral 5 
SAMURAI analysis, valid at 0613 UTC on 20 June 2015. Wind barb flags, long barbs, and short barbs indicate values of 50, 10, 
and 5 m s−1, respectively. The black and white line indicates the flight track of the P-3 for the period of time included in the analysis. 
Panels (b) and (d) correspond to the same analysis and levels in (a) and (c), respectively, and indicate the number of radars 
contributing to the analysis throughout the domain.  
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Fig. 2.7: Reflectivity from the TDR obtained during PDD8 during the 20 June 2015 MCS. The light gray outline indicates the 
approximate boundary of the MCS, with key features such as the radar bright band and the convective line indicated. Range in km 
from the location of the radar is given by the range rings. The MCS zones assigned to each part of the system are indicated. 
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Fig. 2.8: Idealized representation of MCS structures (partially adapted from Parker and Johnson (2000) and Gallus et al. (2008)). 
Symbols indicate the general locations of spiral profiles executed during PECAN. Red symbols indicate the given spiral occurred 
within or near the axis of the RIJ, while blue symbols represent spirals excluded from general analyses. 
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Chapter 3: Microphysical Analysis of the 20 June PECAN MCS 
The MCS observed on 20 June 2015 was the MCS sampled by the P-3 aircraft during PECAN 
most closely corresponding to the archetype described by Houze et al. (1989). Observations 
analyzed were limited to those obtained from the P-3 and the 88D radars; none of the other PECAN 
assets were deployed. Airborne in-situ microphysical and thermodynamic observations, coupled 
with airborne and ground-based radar observations, are used in this chapter to document 
characteristics of the RIJ in the transition zone and stratiform regions of the MCS over 
approximately three hours, and to analyze how microphysical characteristics differ across these 
regions. The beginning and ending altitudes, the ranges of T and RH observed, and the T at the top 
and bottom of the ML are given in Table 3.1 for each of the seven 20 June spiral profiles. The first 
spiral did not transect the ML, while the third spiral had insufficient particle image data near T = 
0°C to classify the ML bounds. 
3.1 System and Mission Overview 
At approximately 2100 on 19 June, convective initiation occurred in southeastern Montana 
and northeastern Wyoming ahead of a weak cold front, with supercells as the dominant convective 
mode. At 0000 on 20 June, a west-east baroclinic zone associated with a strengthening lee cyclone 
was located to the south across the northern half of Wyoming extending into southwestern South 
Dakota (Fig. 3.1a), with a low-level jet intersecting this boundary (Fig. 3.1b). Convection moved 
into South Dakota north of Rapid City by 0200, with a small bow echo present to the north in 
North Dakota (Fig. 3.2a). The supercells continued to move eastward through 0300 (Fig. 3.2b), 
producing numerous severe surface wind reports ranging from 30-45 m s−1, large hail up to 15.2 
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cm in diameter, and an EF-2 tornado. By 0400, the convection had grown upscale into an MCS 
with a southwest-northeast oriented CL as the P-3 was arriving onsite to the southwest (Fig. 3.2c).  
The P-3 initially sampled the trailing edge of a developing bow echo at 3 km MSL (Fig. 3.2d) 
and then completed an upward spiral (S1) followed by a downward spiral (S2) between 0456 and 
0513 within the rear inflow notch of the bow echo (Fig. 3.2e). Both spirals occurred in the TZ in 
its formative stage, although S1 was only 1.4 km deep with a maximum T of −9.3°C and thus did 
not cross the ML; S2 fully transected the RIJ with observed wind speeds up to 37 m s−1 at 
3.5 km MSL, just below the S2 ML (3.8 km MSL) (Fig. 3.3). An upward spiral (S3) commenced 
shortly thereafter between 0521 and 0537, sampling the AR to the north of the RIJ axis (Fig. 3.2f), 
with maximum low-level wind speeds of 24 m s−1 at 3.25 km MSL (Fig. 3.3). The P-3 then 
proceeded back to the southeast and conducted downward and upward spirals (S4 and S5) between 
0547 and 0622 coincident with the RIJ axis, drifting eastward in an attempt to maintain a quasi-
steady position relative to the CL (Fig. 3.2g,h). During this period, straight line winds were 
reported at the surface 100 km to the east-southeast of S4 and S5, with large tree branches down, 
a pickup truck flipped, and destruction of a mobile home resulting in a fatality. Winds beneath the 
S4 and S5 ML (3.7 km MSL) were as high as 36 m s−1 at 3.4 km MSL (Fig. 3.3). The P-3 returned 
north to sample the now expansive stratiform region associated with the MCS, conducting a 
downward spiral (S6) between 0638 and 0647 (Fig. 3.2i). S6 had the lowest wind speeds observed 
among the 20 June spirals at all altitudes, reaching a maximum at 5.7 km MSL of 19 m s−1, and 
maximum wind speeds below the ML (3.05 km MSL) of 14 m s−1 at 2.8 km MSL (Fig. 3.3). By 
this time, the MCS had developed a north-south oriented bow echo, an adjoining line of convection 
to the north aligned southwest-northeast, and a well-defined TZ associated with both. Between 
0709 and 0746 the P-3 sampled along the northern CL and immediately behind the bowing 
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segment at 2.5 km MSL (Fig. 3.2j,k), and observed the highest flight-level wind speed of all P-3 
PECAN missions while crossing the RIJ axis, at 43 m s−1, just prior to the final upward spiral (S7). 
S7 began its ascent within the aforementioned wind maxima at the leading edge of the ESR at 
0746 (Fig. 3.2L), with wind speeds reducing to an average of 36 m s−1 between 2.75 km and 3.9 
km MSL (Fig. 3.3). The S7 ML was observed between approximately 3.4 km and 4.25 km MSL, 
the top of which coincides with an approximate 10 m s−1 reduction in wind speeds from those 
within and below the ML. Following the completion of S7 at 0758, the P-3 returned to base. 
In total, 5 of the 7 spirals were executed in regions of the MCS within the RIJ, based on the 
radar reflectivity structure and flight-level observations of wind speed and direction. SAMURAI 
analyses and detailed in-situ observations from S2, S5, and S7 are presented in this chapter, along 
with additional analyses of in-situ observations from S1 and S4, which were roughly coincident in 
time and space with S2 and S7, respectively. In-situ observations and TDR imagery from the non-
RIJ spirals S3 and S6 are also presented to provide insight into how microphysical and 
thermodynamic properties in other regions of the MCS compare to the evolving RIJ region. Data 
from all other PECAN spirals are underlaid in the vertical profiles of in-situ quantities to frame 
the spirals in this MCS in the context of the broader PECAN dataset. Throughout this chapter, the 
RIJ data within this MCS are also compared to the only other available microphysical observations 
within the RIJ of an MCS, those obtained from the first spiral descent on 29 June 2003 during 
BAMEX (see M07, S09, G09, and Grim et al. 2009b). 
3.2 System Structure – SAMURAI and Radar Analyses 
One of the primary motivations for synthesizing radar data from S2, S5, and S7 was to provide 
a detailed depiction of the MCS reflectivity and kinematic structure corresponding in time and 
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space to each spiral. Plan views of reflectivity and horizontal winds (both ground- and storm-
relative) at 2, 3.5, 5, and 7 km AGL (reported in MSL in subsequent figures) were used to 
understand overall system structure at levels sampled during the spirals. In addition, vertical cross-
sections are presented that best represent the RIJ structure at the times and locations of S2, S5, and 
S7. The reflectivity structure and velocities present in each of the cross-sections along the RIJ axis 
were similar to adjacent parallel cross-sections derived within ±8 km, ±14 km, or ±12 km of the 
primary cross-section of each spiral, representing the approximate flight-track radii of S2, S5, and 
S7, respectively. Fig. 3.4 shows an average agreement of ±5 m s−1 between the ground-relative 
horizontal wind speeds measured aboard the P-3 and those derived in each of the SAMURAI 
analyses. Together, these lend confidence to direct comparisons between SAMURAI derived 
quantities and those measured in-situ. Plan views of reflectivity and horizontal winds, along with 
the most representative cross-section for each of the three SAMURAI analyses will be used in 
subsequent sections to frame the in-situ thermodynamic and microphysical data in the context of 
the RIJ and the encompassing rear-to-front (RTF) flow, the opposing front-to-rear (FTR) flow, and 
the overall MCS structure. 
3.2.1 S1 & S2: TZ / Rear Inflow Notch 
S1 and S2 were conducted consecutively, approximately 40 km behind a developing bow echo 
where stratiform precipitation had yet to develop, although an increasingly expansive and 
contiguous region of moderate reflectivity (~10-20 dBZ) was present with increasing altitude at 
the time of S2 (Figs. 3.5 and 3.6) associated with the rear anvil. A concavity at the trailing edge of 
the precipitation echo was present at 2.8 and 4.3 km MSL immediately to the northwest of the 
spiral, with a channel of weaker reflectivity extending southeast from this region, across the spiral, 
and towards the CL (denoted by the dashed black line in Figs. 3.5-6a,b). This region is referred to 
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here as the rear inflow notch (e.g., Smull and Houze 1985; Przybylinski 1995; Weisman 2001). 
The reflectivity deficit has been hypothesized to result from enhanced sublimation and evaporation 
of precipitation due to an influx of drier air coupled with adiabatic warming as the RIJ descends 
(e.g., Smull and Houze 1985; G09). 
Reflectivity and cross-section-parallel storm-relative and ground-relative wind speeds within 
the S2 cross-section (location denoted by the solid black line in Figs. 3.5 and 3.6) are given as a 
function of altitude MSL in panels a, b, and c of Fig. 3.7, respectively. The ML bounds, based on 
particle images, are given by horizontal dashed black line segments in each panel of Fig. 3.7, with 
T and RH at the ML bottom provided for reference. In addition, the P-3 flight track as viewed 
within the plane of the cross-section is plotted in each panel. Note that because of the spiral track 
and the time evolution of the storm during the spiral, only a few locations along the P-3 path truly 
lie directly within the indicated path on the cross-section. S1, which immediately preceded S2, 
followed a very similar flight track as that given for S2 in Fig. 3.7 and was characterized by a 
similar reflectivity structure as observed along the S2 flight track above 6 km (Fig. 3.7a). The P-3 
began its descent in a region of locally enhanced reflectivity (18 dBZ) at (x, z) = (75 km, 7.3 km) 
(all cross-section-specific coordinates are henceforth given as (x, z)), with reflectivities decreasing 
to 12 dBZ at the top of the ML (83 km, 4.4 km). The reflectivity decreased at an even greater rate 
within and below the ML, with no evidence of a radar bright band at the spiral location. Reflectivity 
decreased to 2 dBZ at the bottom of the S2 descent. 
The location of the RIJ axis in the S2 analysis coincides with the maxima of positive values 
of storm-relative RTF flow between approximately 2.8 and 8.8 km MSL as seen in Fig. 3.7b. The 
RIJ had a downward slope from left to right in the resolved wind field, beginning to the left at 
(40 km, 7 km) with the terminus presumably located just beyond the region of resolvable winds as 
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it reached the CL near (160 km, 4.2 km) (Fig. 3.7a). The P-3 successfully transected the RIJ 
through its descent, exiting the region of highest storm relative velocities at the top of the ML. 
3.2.2 S4 & S5: Trailing ESR / RIJ 
By the time of S4 and S5, the MCS had become well-organized with a southwest-northeast 
oriented bowing segment, an adjoining line of convection oriented from west-southwest to east-
northeast, and an expansive trailing stratiform region to the northwest (Fig. 3.1g,h). S4 was 
centered approximately 20 km to the west of S5, though the two spirals exhibited little 
displacement from each other in a storm-relative sense, with both sampling the trailing half of the 
ESR. TDR data revealed that while the overall structure between the two spirals was the same, 
there was considerable along-track variability in reflectivity within both S4 and S5. While this 
variability has minor implications for the interpretation of thermodynamic and microphysical 
observations later in this chapter, the kinematic and reflectivity structure derived from the S5 
SAMURAI analysis was not expected to vary significantly from a synthesis of the S4 data given 
the resolution of the analysis compared to the small scale over which variations were observed. As 
a result, the S5 analysis presented in this section will be considered as the basis for the 
interpretation of S4 later in this chapter. As discussed in Section 2.2.4 and illustrated in Fig. 2.6, 
radar coverage in the vicinity of S5 was quite poor, particularly at levels below 4.6 km MSL. As 
such, the stratiform region within ~70 km of S5 is generally well-resolved, though the bowing 
segment of the CL was well beyond the range of the TDR and is only visible in the SAMURAI 
analysis at approximately 5.6 km MSL and above (Figs. 3.8-9c,d).  
The black line drawn in each panel of Figs. 3.8 and 3.9 represents the position of the cross-
section that best represents the RIJ structure at the time and location of S5 (Fig. 3.10). The CL was 
located on the right side of Fig. 3.10. A west-east cross-section drawn at y = 0 km in the SAMURAI 
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domain (not shown) yielded a more complete depiction of horizontal winds to the west of the 
spiral, though the apparent descent of the RIJ to the surface east of the spiral in Fig. 3.10b was 
absent. Fig. 3.9b suggests weak convergence along the southeastern half of the cross-section, with 
cyclonic flow inferred to the north and less-structured anticyclonic flow to the south. The 
previously discussed data coverage issues complicate this interpretation, though confidence in the 
northern vortex is strengthened by its presence in the S7 analysis presented in the next section.  
The cross-section of reflectivity in Fig. 3.10a shows that S5 occurred within the ESR, based 
on the presence of a weak radar bright band at (78 km, 3.8 km), and precipitation reaching the 
surface between x = 55 and 115 km. The absence of radar echo near the surface to the rear of the 
ESR between x = 0 and 50 km is likely due to poor radar coverage rather than precipitation not 
reaching the surface. The vertical boundary in reflectivity at x = 154 km (Fig. 3.10a) is coincident 
with the furthest range of the TDR, and the upward-sloped region of reflectivity beyond this 
boundary is associated with the lower boundary of elevation cuts of KUDX and KABR. The area 
void of echo near the surface ahead of x = 115 km is outside the region of radar coverage. However, 
between x = 112 and 135 km and extending upward to approximately 6 km MSL, a reflectivity 
deficit was observed of up to 8 dBZ, coinciding with the TZ ahead of the ESR. 
The storm-relative horizontal flow indicated in Fig. 3.10b shows the top boundary of the RTF 
flow, given by the 0 m s−1 isotach, descended from left to right from (0 km, 9.9 km) to 
(154 km, 4.2 km). The S5 RTF flow and stronger RIJ within exhibited a sharp descent of 
approximately 2 km between x = 70 and 80 km as seen in Fig. 3.10b,c, and extended to at least 
x = 155 km, with the location of the CL just beyond this region. The depth of the strongest RIJ 
flow in S5 roughly averaged 1 km, about half the average depth of 2 km observed in the S2 
analysis. It is unclear whether this difference is attributable to temporal or spatial variability, or 
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both. Of note is the greater downward slope seen in the RIJ flow in the S5 storm-relative winds 
(Fig. 3.10b) compared to that of S2 (Fig. 3.7b), beginning at (0 km, 8.5 km) and reaching the 
surface at x = 110 km; a total descent of 7.9 km, compared to only 2.8 km in S2. FTR flow ascended 
from right to left above the RTF flow and RIJ, and mostly above the spiral, as also observed in the 
S2 analysis. 
3.2.3 S7: Leading ESR / RIJ 
The final spiral in this MCS sampled the north-south oriented bow echo at much closer 
proximity than the preceding spirals, ascending on the leading edge of the ESR just west of a well-
defined TZ, with the CL within the ~ 70 km range of the TDR (Figs. 3.11 and 3.12). Though still 
not fully resolved, the northern bookend vortex appearing in the S5 analysis was far more 
pronounced in the S7 storm-relative wind field at 2.4 km MSL, with an approximate center at 
(20 km, 65.4 km) (Fig. 3.12a). Less apparent is a potential southern vortex, though hints of anti-
cyclonic motion at y < 0 km, due-south of the northern vortex, suggest one may be present and 
unresolved by the analysis. A separate set of SAMURAI analyses for this period were completed 
by collaborators at Colorado State University (CSU) using the pseudo dual-Doppler (PDD) flight 
leg preceding S7 (Bell et al. 2018). Their analyses produced very similar results to those presented 
here, though with more complete coverage of both bookend vortices.  
As in the S2 and S5 analyses, the cross-section indicated in Figs. 3.11 and 3.12 and given in 
Fig. 3.13 was chosen to best represent the overall structure of the RIJ and broader horizontal flow 
field in the vicinity of S7. The ML aligns with the greatest reflectivities of the bright band signature 
in the ESR (Fig. 3.13a). A deficit in reflectivity of 6-8 dBZ associated with the TZ was observed 
between x = 93 and 125 km, behind the trailing edge of the CL (Fig. 3.13a). Both storm- and 
ground-relative flow parallel to the cross-section are positive (westerly) at nearly every resolved 
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point (Figs. 3.13b,c). At this time and location, the RIJ near and at the surface was of a greater 
magnitude than observed in either S2 or S5, with storm-relative winds parallel to the cross-section 
plane peaking at 34 m s−1 at (105 km, 2.4 km) (Fig. 3.13b), and a maximum ground-relative 
horizontal wind speed of 46 m s−1 at the same location (Fig. 3.13c). The RIJ descended from 
(0 km, 6.4 km) to at least (120 km, 2.3 km), with hints of a continued descent extending to 
x = 155 km (given by the teal dashed line in Fig. 3.13b). The S7 storm-relative winds were 
dominated by RTF flow, with a notable absence of the pronounced storm-relative FTR flow 
observed in the both the S2 and S5 analyses, with no winds along or trailing the CL exhibiting an 
easterly component except for portions of the bookend vortices (Figs. 3.11 and 3.12). The 
independent Bell et al. (2018) analysis of this time period confirmed the absence of any FTR flow, 
possibly suggesting an evolution in the system dynamics between S5 and S7. 
3.2.4 S3: AR 
S3 occurred within the far western edge of the maturing MCS, 120 km northwest of the CL 
(Fig. 3.14a). The P-3 sampled the lower 1 km of the anvil though the aircraft was unable to 
consistently remain in cloud through the ascent due to its close proximity to cloud base and the 
forward propagation of the system. The TDR aft reflectivity is plotted in Fig. 3.14b with the 
approximate location of each half the RHI image given by the blue lines in Fig. 3.14a. The aircraft 
was located at the black dot. As seen in Fig. 3.14b, no precipitation was reaching the ground 
beneath the P-3, and the reflectivities in the vicinity of the P-3 were predominantly 16-18 dBZ. 
Analyses of S3 later in this chapter focuses on the lower region of the AR while in cloud. 
3.2.5 S6: ESR 
S6 sampled a region 210 km north-northeast of the redeveloping bow echo within the mature 
ESR of the MCS. This region was characterized by uniform precipitation reaching the surface over 
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much of the surrounding area (Fig. 3.15a), and a prominent bright band signature with a reflectivity 
of 42 dBZ (Fig. 3.15b). The ML boundaries, determined by inspection of particle imagery, are 
overlaid on the TDR reflectivity in Fig. 3.15b and exhibit excellent agreement with the location of 
the bright band at this time. 
3.3 Thermodynamic Analyses 
Fig. 3.16 shows the T measured within the 20 June and other PECAN spirals as a function of 
altitude. A linear least squares fit was made to these profiles and the results used to determine the 
average rates of change in temperature with increasing altitude (dT/dz; Table 3.2). S2 had the most 
negative dT/dz of all PECAN spirals, averaging −7.41°C km-1, coupled with the warmest T of the 
20 June spirals for any given altitude below 4.25 km MSL. The average dT/dz for each of the 
subsequent RIJ spirals gradually became less negative, with values of −6.61°C km-1, 
−6.47°C km−1, and −6.0°C km-1 for S4, S5, and S7, respectively. These values represent the 
average of this quantity over the complete depth of each spiral. However, a significant change in 
dT/dz was observed at the top of the ML in each of the 20 June ESR spirals, particularly so in the 
RIJ spirals S4, S5, and S7 with a dT/dz of −5.9°C km−1 (−8.6°C km−1), −5.5°C km−1 (−8.0°C km−1), 
and −5.1°C km−1 (−7.7°C km−1) for T less (greater) than 0°C, respectively. These values are similar 
to those reported by M07 for the second spiral on 2 June 2003, with a dT/dz of −5.6°C km−1 for 
0°C > T > −5°C, and −8.2°C km−1 for +2°C < T < +7°C.  
A possible connection between the storm-relative flow and the shifts in dT/dz at the top of the 
ML was observed in the S5 SAMURAI analysis (Fig. 3.10b), where the ML top at the location of 
the spiral aligns with the 0 m s−1 storm-relative isotach; the approximate boundary between FTR 
and RTF flow. The reversal in storm-relative flow here suggests that the change in dT/dz at the top 
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of the ML in S5 (and S4 by extension given the close spatial and temporal proximity) may reflect 
two different air source regions. Results from S09 support this hypothesis as their analysis of the 
aforementioned 2 June BAMEX spiral showed that thermodynamic (i.e., T, Td) and microphysical 
(i.e., Nt) quantities were locally maximized in FTR flow and minimized in the RTF flow. Despite 
the absence of such a relationship in the storm-relative flow from S2 and S7, the results of G09 
indicate that a considerable change in RH, and T by extension due to differences in latent cooling, 
can occur across the ML in any region of an MCS due to microphysical processes alone. The G09 
column model simulations indicated that the slower fall speeds of ice particles (1-2 m s−1) above 
the ML yielded a greater hydrometeor mass per volume of air over which sublimation can act, 
resulting in greater increases in RH for a given amount of time than observed below the ML. Below 
the ML, rain drops fall faster (2-6 m s−1) than the ice above, yielding lower hydrometeor mass per 
volume of air for evaporation to act upon, and thus slower increases in RH. 
The T profiles of S4, S6, and S7 exhibited isothermal layers at melting onset, with depths of 
215 m, 100 m, and 145 m, respectively, and S5 had an isothermal layer 230-m-thick at 
approximately −0.5°C, spanning approximately the same altitudes as the S4 isothermal layer. 
Isothermal or nearly isothermal layers around 0°C have been commonly observed in MCSs (e.g., 
Willis and Heymsfield 1989; Johnson et al. 1996, M07) and are associated with the cooling 
imparted by melting. M07 observed several BAMEX spiral profiles lacking such an isothermal 
layer in the presence of melting particles, possibly due to some combination of the sampling of 
different particle populations, horizontal inhomogeneity, or small-scale circulations such as 
gravity waves in the vicinity of the ML. The S2 T profile also contained isothermal layers, though 
shallower (75 m) than seen in S4, S5, S6, and S7, and at T (+2.2°C and +5.5°C) not corresponding 
to the initial onset of melting. While evidence of minimal melting was observed at 0°C within S2, 
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the observed particles at all warmer T suggest that melting was progressing very slowly, if at all, 
with hydrometeors remaining predominantly in the ice phase to +6.8°C. The 29 June BAMEX 
spiral exhibited a similar profile of T as seen in S2, with ice comparably observed to T = +7°C, 
though in contrast to S2, the BAMEX profile had a more well-defined melting onset and associated 
250-m-thick isothermal layer at +2.5°C. The 29 June BAMEX spiral and S2 were both 
considerably subsaturated, the former never achieving saturation at any level with an RH of 70% 
at 0°C, and S2 only saturating for T < −6°C, with an RH of 62% at 0°C (Fig. 3.17). M07 cited the 
work of Rasmussen and Pruppacher (1982) to explain the delayed onset of melting for the 29 June 
BAMEX spiral, arguing that latent cooling at the surface of the particles in the subsaturated 
environment was the cause. The results of G09 showed that microphysical processes alone could 
not explain the degree of sustained subsaturation inferred within the 29 June BAMEX spiral, 
noting that mesoscale downdrafts associated with the descending RIJ likely accelerated ice to 
warmer T prior to melting, in addition to offsetting the moistening due to sublimation, via adiabatic 
warming. The notable lack of well-defined melting within S2 coupled with the greater degree of 
subsaturation overall than seen in the 29 June BAMEX spiral, suggests that 
evaporative/sublimative cooling of particles in S2 was greatly limiting melting and at least in part 
prevented the development of an isothermal layer near melting onset. Additionally, based on the 
G09 modeling results, some form of mesoscale descent must have been present in this case to 
allow for the observed degree of subsaturation. 
RH varied considerably among the PECAN spirals, and especially among those from 20 June 
(Figs. 3.17 and 3.18). For T ≤ 0°C, all 20 June spirals with the exception of S3, had an average RH 
exceeding 100% (Table 3.3) (recall from Section 2.1.6 that RH refers to RHice for T ≤ 0°C, and 
RHwater for T > 0°C). S3 sampled the AR, and as discussed in Section 3.2.4, consisted of numerous 
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instances of clear air sampling, which is reflected in the vertical profiles of most quantities 
presented in this chapter, especially for T < 0°C. An example of variability in RH can be seen in 
the S3 RH, where between 5.80 and 5.83 km MSL, RH decreased from 111% to 65% (Fig. 3.18).  
S2 was subsaturated from T = −6°C (5.2 km MSL) downward, with a 38% decrease in RH 
between that level and the top of the S2 ML at 0°C (4.4 km MSL), yielding an 800-m-thick layer 
of subfreezing and subsaturated air above the ML, with an average RH of 55% within the ML 
(0°C < T ≤ +6.8°C). S4 and S5, executed consecutively and in the same storm-relative location, 
had very similar RH, only differing between −2°C and 0°C. Within that layer, both S4 and S5 
spirals exhibited a decrease in RH, with values of 76% and 85%, respectively, at T = 0°C. As noted 
in Section 3.2.2, the TDR reflectivity from both spirals revealed considerable along-track 
variability; enough to account for the differences in RH. Both S4 and S5 were subsaturated for 
T > −2.5°C, equating to 270-m and 310-m-thick layers of subsaturation at T ≤ 0°C, respectively. 
The S7 RH decreased from saturation at T = −1.5°C (4.4 km MSL) to 91% at 0°C (4.3 km MSL), 
yielding a considerably shallower (100 m) layer of subfreezing and subsaturated air than observed 
in the RIJ spirals preceding it. Within the S7 ML (0°C ≤ T ≤ +4.7°C), 24% of all observations 
indicated an RH = 100%, with an average of 96.6% overall. S7 also had the highest average RH of 
the RIJ spirals for T ≥ +5°C, the approximate average T of the 20 June ML bottoms, at 75.4%; 
nearly 40% greater than the same value observed in S2, and approximately 20% greater than S4 
and S5 (Table 3.4).  
The depth of the subsaturated layer of air above the ML decreased from 800 m in S2 to 100 
m in S7, implying a far greater depth over which sublimation would have been active in S2. The 
difference implies that moistening from sublimation gradually decreased the depth of the layer in 
time and/or with closer proximity to the CL. Further, the subsaturated conditions within the MLs 
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of S2, S4, and S5 would have supported both sublimation and evaporation prior to melting 
completion, with enhanced evaporation expected to occur with any particles surviving to below 
the ML. The remnants of subsaturated air above the ML in S7, despite at least three hours of radar-
indicated precipitation at the storm-relative location, is consistent with the presence of some sort 
of persistent mesoscale descent and associated warming and drying in the region, counteracting 
the moistening expected if microphysical processes were acting alone. Such processes were 
illustrated in the results of the G09 column model results of similar ESR spirals.  
S6 was the only non-RIJ ESR spiral executed on 20 June and sampled a very contiguous 
region of stratiform precipitation in the northern half of the MCS. In contrast to S2, S6 had the 
lowest values of T for all altitudes below 4.2 km MSL when compared against all other PECAN 
spirals (Fig. 3.16). The RH observed in S6 for T ≤ 0°C was not significantly different than any of 
the RIJ spirals, with an average of 104%. The most notable difference observed with S6 was the 
delay in melting onset to +2.3°C. This delay was associated with a 750-m-thick layer of 
subsaturated air between the ML top and T = −2.2°C, where the S6 RH dropped below 100%. As 
discussed earlier, evaporative/sublimative cooling at the surface of the ice particles in this layer 
likely delayed the onset of melting to warmer T. When melting finally commenced, it was 
accompanied by a 100-m-thick isothermal layer at +2.3°C, and another at +3°C of 164 m depth. 
Within the S6 ML, 69% of all observations indicated an RH = 100%, averaging 99% overall. The 
RH for T ≥ 5°C with S6, 99.2%, was nearly 24% greater than that observed within S7. While 
certainly extraordinary relative to the other 20 June spirals, S6 shared many similar characteristics 
with a number of spirals conducted in a similarly mature ESR during another PECAN case, 9 July 
2015. 
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The differences observed in this section when considering only the thermodynamic properties 
of the 20 June spirals underscore the considerable temporal and horizontal variability possible 
within a single MCS zone, such as the ESR – especially when considering contributions from 
features such as the RIJ. 
3.4 Microphysical Analyses 
3.4.1 Particle Imagery 
The representative particle plots, described in Section 2.1.5, provide a basis for interpretation 
of how particle habit and size varied as a function of T for each of the PECAN spirals. These plots 
are subjective; while every effort was made to reflect the true proportions of shapes and sizes, they 
should not be interpreted in the context of N(D) or M(D). The particle plots for each of the 20 June 
spirals are shown in Figs. 3.19-25. Visual examination of the particle images from each spiral 
indicated only minor differences in particle shapes and sizes for T < 0°C, with most resembling 
aggregates. For −3°C ≤ T < 0°C, spirals 2, 4, 5, and 7, those sampling within or adjacent to the 
RIJ, also exhibited quasi-spherical ice particles possibly indicative of graupel. 
As each of these spirals exhibited a predominance of ice particles of indeterminable shape, 
vertical profiles of 𝒜 were analyzed to provide an objective basis for any changes in overall 
particle morphology among the spirals (Fig. 3.26). For T ≤ 0°C, the 20 June profiles of 𝒜 varied 
by less than 10%, with the exception of S3, which differed from the other by ~15% upon reaching 
and exiting the base of the anvil at T = −6°C (Fig. 3.21). The average 𝒜 over this same range of T 
differed by no more than 4% when comparing all seven spirals (Table 3.3).  
The differences in particle imagery among the 20 June spirals were most prevalent for T ≥ 0°C, 
where considerable variations in the melting process were observed as a function of T. Particle 
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images clearly indicative of melting were exceedingly rare within S2. Slight evidence of melting 
onset was found at 0°C, based on quasi-spherical particles exhibiting slightly smoother edges than 
seen at T < 0°C (Fig. 3.20). S2 was unique among the PECAN spirals in that ice was observed to 
T of at least +6.8°C, with observed particles at all T > 0°C never definitively resembling entirely 
liquid drops. Though S2 continued to T as warm as +15°C, no further particles were imaged for 
T > +6.8°C, suggesting that the remaining particles sublimated, or melted and evaporated. A very 
similar observation was reported in the 29 June BAMEX spiral, where ice was observed to 
T of +7°C in the region of the rear inflow notch within considerably subsaturated conditions 
(M07). The delay in melting completion was also observed in the ESR RIJ spirals, with ice 
observed to a T of +5.9°C, +5.8°C, and +4.7°C in S4, S5, and S7, respectively (Figs. 3.22, 3.23, 
and 3.25). As discussed in Section 3.3, the persistence of ice to warmer temperatures is largely a 
function of subsaturation, which helps explain the trend of the ML bottom T towards 0°C as the 
environments of S2, S4, S5, and S7 at T > 0°C progressively moistened as the system matured 
and/or with closer proximity to the CL. 
As briefly discussed in Section 3.3, the only non-RIJ spiral with a ML traversal on 20 June 
was S6, which exhibited a delay in the onset of melting to T = +2.3°C (Fig. 3.24), likely due to the 
subsaturated conditions between the ML top and T = −2.2°C (Fig. 3.17). 
3.4.2 Particle Number and Mass Distributions 
In this section, profiles illustrating how the 10-sec-averaged N(D) and M(D) varied with 
respect to both time and T are presented and analyzed. The median, and 25th and 75th percentiles 
of the distributions are overlaid on each profile to indicate how the cumulative values of N(D) and 
M(D) vary throughout, with the 10th and 90th percentiles also included for the M(D) profiles to 
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accentuate changes in mass distributions on a finer scale. When applicable, the location and T of 
the ML boundaries are overlaid on these plots. 
As the P-3 descended between 7.3 km and 6.7 km MSL within the notch region during S2 
(Fig. 3.7a), N(D) and M(D) exhibited very little variation (Fig. 3.27). The S2 SAMURAI analysis 
indicates that at and below 6.7 km MSL the P-3 began to transect the maxima in RIJ flow 
(Figs. 3.7b,c), as also reflected in the steady increase in flight-level wind speeds below this level 
(Fig. 3.3). At the same time, values of N(D) began decreasing with increasing T, along with 
decreases in M(D), especially for D < 1 mm. For example, N(D) for 400 µm (1.5 mm) particles 
decreased from 0.494 (0.046) cm−4 at −13.2°C to 0.044 (0.01) cm−4 at −10.6°C. Meanwhile, M(D) 
for 400 µm (1.5 mm) particles decreased from 1.62×10−6 (6.94×10−6) g cm−4 at −13.2°C to 
1.5×10−7 (1.3×10−6) g cm−4 at −10.6°C. The observed changes in N(D) and M(D) here likely 
resulted from a combination of aggregation, based on an increase in Dmm from 575 µm at 
T < −13°C to 950 µm at T = −10.6°C, and potentially the sampling of different particle populations 
within the RIJ maxima. The environment remained supersaturated during this period, suggesting 
that the observed changes in N(D) and M(D) were not influenced by sublimation. 
Values of N(D) and M(D) briefly increased for D < 1 mm for −10.6°C < T ≤ −9°C, suggestive 
of the P-3 entering a different particle population. At the bottom of this layer, RH dropped below 
100% for the first time, fluctuating between 96% and 107% before continuing a steady decrease 
for T > −6°C (Fig. 3.17). After crossing the first instance of subsaturation, N(D) (M(D)) again 
decreased with increasing T until reaching the top of the ML, primarily for D < 2 (0.9) mm. For 
example, N(D) for 400 µm (1.5 mm) particles decreased from 0.105 (0.012) cm−4 at −8.6°C to 
0.01 (0.004) cm−4 at −0.7°C. Meanwhile, M(D) for 400 µm (1.5 mm) particles decreased from 
3.69×10−7 (1.04×10−6) g cm−4 at −8.6°C to 3.4×10−8 (3.87×10−7) g cm−4 at −0.7°C. These changes, 
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coupled with evidence of aggregation in the particle images and the increasingly subsaturated 
environment suggest that while aggregation was still occurring in this layer, sublimation was 
limiting its efficiency, with reductions in particle mass and number for most D < 2 mm. 
The N(D) and M(D) profiles for S4 and S5 are provided in Figs. 3.28 and 3.29, respectively. 
Differences in the S4 and S5 particle imagery and thermodynamic characteristics have been shown 
thus far to vary insignificantly, and the same can generally be said concerning values of N(D) and 
M(D) between the two spirals. The comparison is complicated by the horizontal inhomogeneity 
observed in the TDR reflectivity of this region in both spirals. Additionally, while both spirals 
sampled over the same depth, approximately −13°C ≤ T ≤ 15°C, the P-3 descended at an average 
rate of 8.3 m s−1 in S4, with an average ascent rate of 3.8 m s−1 in S5, yielding a higher density of 
observations in the latter. For the purposes of this analysis, preference is given to consideration of 
the S5 observations to compare with the S5 SAMURAI analysis. 
The greater degree of horizontal inhomogeneity in this region of the 20 June MCS at the time 
of S5 is reflected in “oscillations” of N(D) and M(D), particularly for D < 700 µm and T < −6°C 
(Fig. 3.29). This is often related to the spiraling in and out of different particle populations, though 
the frequency of fluctuations observed in S5 is not characteristic of this alone. For example, N(D) 
for 240 µm (525 µm) particles decreased from 2.28 (1.22) cm−4 at −11.9°C to 1.21 (0.416) cm−4 
at −11.8°C, before then increasing again to 1.88 (0.9) cm−4 at −10.6°C. Similarly, M(D) for 240 µm 
(525 µm) particles decreased from 2.66×10−6 (7.05×10−6) g cm−4 at −11.9°C to 1.38×10−6 
(2.42×10−6) g cm−4 at −11.8°C, before then increasing again to 2.24×10−6 (5.2×10−6) g cm−4 at 
−10.6°C. The overall trends associated with the percentiles and median values of N(D) and M(D) 
for T < −6°C indicate there were no significant changes in either over this portion of the spiral, 
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consistent with the relatively uniform reflectivity structure seen along the P-3 flight track in 
Fig. 3.10a between 5.4 and 6.68 km MSL. 
For −6°C ≤ T < +0.2°C, N(D) and M(D) decreased with increasing T, with the largest 
reductions in both seen for D < 700 µm. For example, N(D) for 300 µm (825 µm) particles 
decreased from 0.544 (0.098) cm−4 at −6°C to 0.033 (0.021) cm−4 at −0.2°C. Meanwhile, M(D) for 
300 µm (825 µm) particles decreased from 9.81×10−7 (1.59×10−6) g cm−4 at −6°C to 7.07×10−8 
(3.53×10−7) g cm−4 at −0.2°C. Over this layer, the P-3 was within −1 to −2 m s−1 storm-relative 
cross-section-parallel flow (e.g., (85 km, 5 km) in Fig. 3.10b), near the boundary separating RTF 
from FTR flow. The reduction in N(D) and M(D) for particles of D < 700 µm observed between 
−6°C and −2°C could have been caused by aggregation, especially as aggregates were observed in 
the particle imagery at these T. However, aggregation alone would cause not only a depletion in 
N(D) and M(D) of small particles, but also an increase in N(D) for larger particles. While 
sublimation can act counter to the effects of aggregation as seen in S2, the environment in S5 was 
supersaturated for all T ≤ −2.5°C (Fig. 3.17), removing sublimation as a possible process. These 
observations are likely indicative of the sampling of different particle populations while crossing 
between progressively weaker FTR flow and stronger RTF flow. 
As discussed in Section 3.3, the RH of S5 dropped considerably from 100% at −2.5°C to 85% 
at the top of the ML. The subsaturation present in this layer would allow sublimation to act to limit 
the efficiency of aggregation, thus yielding the observed changes in N(D) and M(D). 
At the onset of melting at T = +0.2°C, N(D) exhibited a rapid increase for D < 1 mm, peaking 
at +0.9°C, before then decreasing through the completion of melting and below. For example, 
N(D) for 240 µm (1 mm) particles increased from 0.045 (0.02) cm−4 at −0.2°C to 0.252 
(0.036) cm−4 at +0.9°C, before then decreasing to 0.029 (0.003) cm−4 at +3.8°C. This change 
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corresponds to the transition from sampling within FTR flow to within the RTF flow, as the 
boundary between the flow regimes was located at the ML top at this time and location. Below the 
level of the transition, decreases in N(D) across all D were observed as particles collapsed into rain 
drops and began to evaporate in the subsaturated environment. In Section 3.3, this boundary in S5 
corresponded to a shift in dT/dz, however, the BAMEX observations reported by S09 from two 
ESR spirals indicated local minima in T and Nt in the RTF flow and local maxima in these 
quantities within the FTR flow, while just the opposite was observed in the case of S5. The 
differences may be related to the sampling procedure, as the S09 BAMEX ESR spirals used quasi-
Lagrangian spiral descents, vs the non-Lagrangian spiral ascent of S5. Nevertheless, it is also 
possible that these observations simply reflect different particle populations within the upper 
extent of the RTF flow at this time. 
The S7 profiles of N(D) and M(D) exhibited several layers, distinguishable by changes in 
these distribution functions with time and T (Fig. 3.30). For −13.2°C ≤ T < −10.6°C, both N(D) 
and M(D) had insignificant changes with increasing T, with approximately 75% (50%) of the 
cumulative N(D) (M(D)) associated with D ≤ 400 µm. The reflectivity was nearly constant at 
16 dBZ along the P-3 flight-track (between x = 96 and 102 km in Fig. 3.13a). Immediately beneath 
this top layer, for −10.6°C ≤ T ≤ −5°C, values of N(D) decreased (increased) with increasing T for 
D less (greater) than 400 µm (1.5 mm). For example, N(D) for 300 µm (1.7 mm) particles 
decreased (increased) from 5.87 (0.008) cm−4 at −10.6°C to 0.685 (0.036) cm−4 at −5°C. Over this 
same layer, values of M(D) decreased (increased) with increasing T for D less (greater) than 
400 µm (1 mm). For example, M(D) for 300 µm (1.7 mm) particles decreased (increased) from 
1.1×10−5 (1.32×10−6) g cm−4 at −10.6°C to 1.29×10−6 (6.55×10−6) g cm−4 at −5°C. Reflectivity 
along the flight track in this layer increased from 16 dBZ to 24 dBZ (x = 81 to 102 km in 
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Fig. 3.13a). The concurrent decrease in N(D) and M(D) for D < 400 µm and increases in reflectivity 
and both N(D) and M(D) for D > 1.5 and 1 mm, respectively, suggest that aggregation was the 
dominant process controlling the evolution of the particle spectra within this layer. The presence 
of aggregates in the particle imagery within this layer (Fig. 3.25) and supersaturated conditions 
throughout provide additional supporting evidence. No impact by sublimation on aggregation 
efficiency was expected because of ice-saturated conditions. 
For −5°C < T ≤ −0.03°C, N(D) and M(D) were observed to decrease for D < 3.3 mm, with 
nearly negligible increases in both for D ≥ 3.3 mm. For example, N(D) for 525 µm (3.3 mm) 
particles decreased (increased) from 0.398 (3×10−4) cm−4 at −4.7°C to 0.082 (3.33×10−4) cm−4 at 
−0.03°C. Meanwhile, M(D) for 525 µm (3.3 mm) particles decreased (increased) from 
2.83×10−6 (6.56×10−8) g cm−4 at −4.7°C to 4.83×10−7 (7.78×10−8) g cm−4 at −0.03°C. A brief 
increase in values of N(D) and M(D) over all particle sizes occurred between −4.7°C and −2.8°C. 
As this sublayer was not associated with any obvious changes in reflectivity or horizontal flow in 
Fig. 3.13, and RH remained above 100%, it is possible that the P-3 spiraled into a different particle 
population. At −1.5°C (4.4 km MSL), RH dropped below 100%, with notable decreases in the 
values of both N(D) and M(D) for D < 800 µm. The average trends observed in N(D) and M(D) 
for −5°C < T ≤ −0.03°C described above indicate that while aggregation was likely still occurring, 
as supported by particle imagery, it was not as efficient as for −10.6°C ≤ T ≤ −5°C. Further, when 
RH fell below 100% near the ML top, sublimation was likely further inhibiting aggregation, though 
not to the same degree as observed in S5 and S2 where lower RH was observed over deeper layers 
for T < 0°C. 
As previously discussed, analysis of the S3 observations within the 20 June AR were 
complicated by numerous instances of clear air sampling, including the layers between T = −12°C 
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and −11°C, T = −10.5°C and 10°C, and T = −8.5°C and −6.5°C, where values of N(D) and M(D) 
rapidly drop to zero, or near-zero (Fig. 3.31). Variability observed over shallow layers limited any 
interpretation of the vertical microphysical evolution within this region. Analysis of bulk quantities 
in the next section allow some interpretation of the S3 microphysical characteristics, especially in 
the context of the other 20 June spirals. 
The vertical profiles of N(D) and M(D) for S6 (Fig. 3.33) indicated a relatively steady decrease 
in values for D < 1.5 and 2 mm, respectively, from the top of the spiral at T = −13.4°C to 
T = −2.24°C, where RH fell below 100% (Fig. 3.17). For example, N(D) for 300 µm (1 mm) 
particles decreased from 1.03 (0.105) cm−4 at −13.4°C to 0.102 (0.025) cm−4 at −2.55°C. 
Meanwhile, M(D) for 300 µm (1 mm) particles decreased from 1.94×10−6 (3.08×10−6) g cm−4 at 
−13.4°C to 1.98×10−7 (7.96×10−7) g cm−4 at −2.55°C. The cumulative values of N(D) and M(D) as 
reflected by the percentiles and medians of each, suggest the general proportions of these quantities 
relative to D were largely unchanged as T increased. A single exception to these trends within this 
layer was found at T < −11°C, where particles of D < 500 µm were associated with greater N(D) 
and M(D). Below the level of saturation and extending to the top of the ML at T = +2.2, both N(D) 
and M(D) continued to decrease with increasing T, though increases in the maximum D of affected 
particles increased to 2.5 and 2.7 mm, respectively. For example, N(D) for 300 µm (2.1 mm) 
particles decreased from 0.107 (0.002) cm−4 at −1.98°C to 0.019 (0.001) cm−4 at +1.81°C. 
Meanwhile, M(D) for 300 µm (2.1 mm) particles decreased from 2.11×10−7 (2.17×10−7) g cm−4 at 
−1.98°C to 4.24×10−8 (1.12×10−7) g cm−4 at +1.81°C. The observed decrease in N(D) and M(D) 
for smaller particles within the supersaturated portion of S6 is consistent with aggregation, though 
the concurrent increase in the values of N(D) expected for larger particles was not observed despite 
particle imagery verifying the presence of aggregates in this layer. The greater decreases in N(D) 
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and M(D), and to larger particle sizes, in the subsaturated layer above the ML are consistent with 
sublimation acting to limit any aggregation occurring there, while additionally reducing the sizes 
and mass of all particles present, preferentially those of smaller D. 
3.4.3 Vertical Profiles of Bulk Quantities 
The profiles of Nt, TWC, and Dmm plotted as functions of T illustrate how the particle 
population as a whole varied throughout each spiral, with the remaining PECAN spiral profiles 
underlaid for context (Figs. 3.33, 3.34, and 3.35, respectively). Using the same approach outlined 
in Section 2.3, the fractional rates of change with respect to increasing T of Nt and TWC for each 
spiral were derived from the average rates of change of 𝑙𝑜𝑔?, 𝑁q  and 𝑙𝑜𝑔?, TWC for T < 0°C 
obtained using a linear least squares fit to those data (Table 3.2). A similar approach was used to 
derive the rates of change of Dmm with respect to increasing T, the results of which are also given 
in Table 3.2. For S2, dlogNt/dT averaged −33.7% C−1, with dlogTWC/dT of −24.1% C−1 (Figs. 3.33 
and 3.34, respectively). The greater decrease in 𝑙𝑜𝑔𝑁q than 𝑙𝑜𝑔TWC relative to increasing T is 
consistent with the trends observed for S2 in the vertical profiles of N(D) and M(D) in Fig. 3.27 and 
supports some combination of sublimation and aggregation as the primary processes affecting the 
PSDs. Aggregation alone would produce an increase in particle sizes, which is commonly reflected 
in increases of Dmm with increasing T. No such trend was observed for S2, with a near-zero average 
dDmm/dT of +9 µm °C−1 for T ≤ 0°C, and an average Dmm of 1.28 mm over the same range of T 
(Fig. 3.35). All of this taken together would suggest that while aggregation was definitely 
occurring within S2, sublimation was likely limiting aggregation efficiency by both reducing the 
number of smaller particles (cf., Gu and Liou 2000), and reducing the size of larger particles and 
existing aggregates. These results agree with those of M07 for the 29 June BAMEX spiral, though 
the rates of reduction in 𝑙𝑜𝑔𝑁q and 𝑙𝑜𝑔TWC therein were lower than seen in S2. 
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The vertical profiles of these bulk quantities within S5 were quite similar to those of S2, 
though with higher Nt and TWC throughout the spiral, and a smaller average Dmm of 1.2 mm for 
T ≤ 0°C. Moreover, dlogNt/dT for T ≤ 0°C was less negative than in S2, at −21.4% °C−1, as was 
dlogTWC/dT, at −11.6% °C−1, with insignificant changes in either when calculated over the 
saturated and subsaturated layers separately for T ≤ 0°C. These values, the layer of subsaturation 
above the ML, and the relatively constant Dmm observed for S5 in Fig. 3.35, suggest that while 
aggregation was active, it was limited in efficiency by the effects of sublimation within the 
subsaturated layer. 
The trends in dlogNt/dT and dlogTWC/dT seen in S7, while of slightly different magnitudes 
than in the other RIJ spirals, maintained the pattern of more negative dlogNt/dT (−30.9 % °C−1) 
than dlogTWC/dT (−14.6 % °C−1) (Table 3.2; Figs. 3.33 and 3.34). In addition, S7 was associated 
with the highest average Nt and TWC of all 20 June spirals for T ≤ 0°C (T ≥ 5°C), at 0.141 
(1.34×10−3) cm−3 and 0.912 (0.133) g m−3, respectively (Table 3.2). The most notable difference 
from the other 20 June RIJ spirals was the greater dDmm/dT of +59 µm °C-1 observed for T ≤ 0°C, 
while Dmm increased at rates of +9, +33, and +19 µm °C−1 in S2, S4, and S5, respectively. These 
trends reinforce the evidence presented in 3.4.2 that aggregation was the primary process 
responsible for the evolution of the S7 PSDs. Sublimation at the time and location of S7 is unlikely 
to have been as important as for S2, S4, and S5 given that only a shallow layer of subsaturation 
was present at T ≤ 0°C. With the highest average RH within and below the ML of 84% amongst 
the RIJ spirals, melting and evaporation are expected to have occurred more slowly at the location 
and time of S7, compared to S2, S4, and S5. 
S3 had an average Dmm of 1.45 mm and dDmm/dT of +4 µm °C−1 over −15.9°C ≤ T ≤ −6°C 
(Fig. 3.35), the layer of S3 where clouds were sampled, though inconsistently. The lowest average 
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Nt and second lowest average TWC for T ≤ 0°C were observed in S3, at 0.011 cm−3 and 0.4 g m−3, 
respectively (Table 3.3 and Figs. 3.33-34). In addition, the trends in 𝑙𝑜𝑔𝑁q and 𝑙𝑜𝑔TWC were the 
most negative of the 20 June spirals and differed insignificantly from one another. These trends 
and the difference between them are difficult to attribute entirely to the AR given the high degree 
of uncertainty imparted by the frequency of clear air sampling which occurred throughout the 
spiral. Nevertheless, the S3 particle imagery indicated aggregates were present, with aggregation 
supported by the general tendency of decreasing 𝑙𝑜𝑔𝑁q  and 𝑙𝑜𝑔TWC  with increasing T. The 
inconsistency of in-cloud sampling, horizontal inhomogeneity, and occasional periods of 
subsaturation may account for the absence of an increase in the concentration of larger particles 
expected with aggregation. 
The vertical profile of Dmm above the ML in S6 exhibited an increase of +35 µm °C−1 with 
increasing temperature (Table 3.2 and Fig. 3.35), which when considered along with the same 
more negative values of dlogNt/dT relative to dlogTWC/dT observed in most other 20 June spirals 
suggests that aggregation was a dominant process controlling the PSDs here. S6 occurred within 
the mature ESR, well-removed from both the CL and the RIJ, the former possibly accounting for 
the lowest average TWC and second lowest average Nt observed among the 20 June spirals for 
T ≤ 0°C. 
3.5 Discussion and Conclusions 
This chapter used airborne in-situ microphysical and thermodynamic observations from seven 
spiral ascents/descents, along with airborne and ground-based radar observations, to characterize 
the RIJ in the transition zone and stratiform regions of the 20 June 2015 PECAN MCS. 
Comparisons of these data were made with observations from two additional 20 June spirals 
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further removed from the influence of the RIJ and CL. The spirals which transected the RIJ during 
this mission provided an opportunity to consider how the thermodynamic and microphysical 
characteristics within and adjacent to the RIJ vary in time, vertically and relative to the ML, and 
with distance from the CL.  
1) The S2 observations within the TZ and rear inflow notch of the MCS exhibited 
subsaturated conditions through much of the spiral, with an average RH of 41% for 
T > 0°C, an RH of 62% at the top of the ML (T = 0°C), and ice saturation at T < −6°C. Ice 
was present within S2 to T = +6.8°C. Particles, if any survived sublimation, or melting 
and evaporation, at warmer T were not observed. Considering the G09 modeling results 
of the similar 29 June BAMEX spiral, mesoscale descent must have been present at the 
time and location of S2 to both allow for the observed degree of subsaturation, and for ice 
to be present to such warm T. 
2) Aggregation was ubiquitous within every profiled region of the 20 June MCS above the 
melting level, with aggregates of varying shapes and sizes present in the CIP particle 
imagery for all T < 0°C within all seven spirals. While simultaneous reductions with 
increasing T in the values of N(D) and M(D) for small particles were observed in these 
cases, as expected with aggregation, the concurrent increase in N(D) for larger particles, 
indicative of the growing number of aggregates, was only observed in S7; the most 
saturated of the RIJ spirals, and the closest 20 June spiral to the CL. The lack of an increase 
in N(D) within S2 was hypothesized to be associated with a limiting effect on aggregation 
by sublimation, with similar behavior observed in S4 and S5, though over the shallower 
layers of subfreezing and subsaturated air. The absence of an increase in N(D) with 
aggregation within the ice-saturated layers of S4 and S5 was likely due to the sampling of 
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different particle populations while crossing through the transition region separating the 
FTR and RTF flow regimes, while, the same trend within the ice-saturated region of S6 
was likely attributable to some combination of horizontal inhomogeneity and the sampling 
of different particle populations. 
3) Above the ML, the environment of the RIJ spirals exhibited a trend of downwards 
moistening in time and with closer proximity to the CL, such that the level separating ice-
saturated from unsaturated conditions was found at progressively warmer temperatures 
(towards 0°C). These subfreezing and subsaturated layers supported sublimation, with the 
associated latent cooling acting to decrease the average rate of change in temperature 
observed with altitude in this layer. Within the ML of these spirals, subsaturation often 
persisted consistent with an interpretation that sublimation, melting, and/or evaporation 
were all potentially contributing to modifications in both T and RH. Below the ML, where 
subsaturation was typically greatest, RH increased much slower in time and relative to the 
CL than observed above the ML. Latent cooling focused at the top of this layer produced 
greater average changes in T with altitude than observed above the ML. The changes in 
the rate of moistening between these layers as particles fell through each are consistent 
with the results of the G09 column model study, which showed that saturation is achieved 
faster above the ML than below within any region of an MCS. The change in the rate of 
moistening occurred across the ML and was directly attributable to the reduction in 
particle mass per volume air below the ML due to the greater terminal fall speeds of rain 
than that of ice. As such, sublimation was able to act over greater concentrations of ice 
particles, increasing RH faster than below the ML, where relatively less moistening 
occurred from the evaporation of effectively lower concentrations of rain drops. As such, 
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the ML was found to act as an important and distinct thermodynamic boundary in each of 
the spirals where an ML was observed. 
4) Despite at least three hours of precipitation echo above the S7 ML, as indicated by radar 
observations of the storm-relative location of S7, a 100-m-thick layer of subsaturated air 
remained above the ML by the time of observation. The column model simulations of G09 
for similar MCS environments as this indicate that microphysical processes alone would 
likely have brought this full layer to and beyond ice saturation in approximately one hour. 
In this case, mesoscale descent associated with the descending RIJ at this time, and at the 
times of each of the RIJ spirals prior, likely acted to continually suppress RH. The 
persistent layers of subsaturation above, within, and below the ML of the 20 June MCS 
over the course of at least three hours provide evidence supporting a sustained 
enhancement of downward forcing of the RIJ via latent cooling associated with 





















20 June 2015  1*  5.94 7.33 -17.6 -9.3 ― ― 98.5 118.8 
  2*  7.33 2.88 -17.6 15.4 0.0 6.8 28.0 118.7 
  3  2.86 6.67 -15.9 12.0 ― ― 44.5 116.8 
  4*  6.67 2.60 -13.0 16.1 0.2 5.9 37.9 113.6 
  5*  2.54 6.68 -13.6 14.7 0.2 5.8 46.6 114.2 
  6  6.64 2.54 -13.4 9.6 2.3 4.6 86.5 114.0 
  7*  2.56 6.66 -13.2 12.2 0.0 4.7 66.9 113.8 
Table 3.1: Starting and ending altitudes (MSL), maximum and minimum T and RH measured within each 20 June spiral, and T at 
the top and bottom of the ML (if observed; dashes (―) indicate the ML was either not sampled or that the available data were 
inconclusive). Asterisks (*) indicate spiral occurred within or near the axis of the RIJ. 
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20 June 2015  1*§  -5.84 -1.5 -22.4 -8.0 +10 
  2*  -7.41 -2.9 -33.7 -24.1 +9 
  3  -7.35 -3.6 -54.1 -62.9 +4 
  4*  -6.61 -2.4 -30.4 -12.2 +33 
  5*  -6.47 -1.5 -21.4 -11.6 +19 
  6  -5.17 -1.1 -22.2 -16.3 +35 
  7*  -6.00 -1.3 -30.9 -14.6 +59 
Table 3.2: Rate of change of T (°C) with increasing altitude (km) based on a fit to all values within each spiral. In addition, rates 
of change of RH, logNt, logTWC, and Dmm with increasing T (°C) for T ≤ 0°C (§S1 quantities are representative of an abbreviated 
range of T < −9°C) are given for all 20 June 2015 spirals. dlogNt/dT and dlogTWC/dT have units of % °C−1 and represent the 
fractional change in these quantities with T. Asterisks (*) indicate spiral occurred within or near the axis of the RIJ. 
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Date Spiral # 𝑅𝐻wwww (%) 𝑁qwww (cm−3) TWCwwwwww (g m−3) 𝐷33wwwwww (mm) ?̅? (%) 
20 June 2015  1*§  112.2 3.30×10−2 6.80×10−1 1.342 48.7 
  2*  104.7 3.58×10−2 4.83×10−1 1.281 49.0 
  3  94.3 1.12×10−2 4.00×10−1 1.452 46.9 
  4*  103.4 9.38×10−2 7.19×10−1 1.185 46.3 
  5*  107.9 5.27×10−2 5.91×10−1 1.196 47.2 
  6  104.0 1.65×10−2 2.92×10−1 1.370 45.0 
    7*   106.3 1.41×10−1 9.12×10−1 0.940 48.4 
Table 3.3: Average values of RH, Nt, TWC, Dmm, and 𝒜 within each 20 June spiral for T ≤ 0°C (§S1 quantities are representative 
of an abbreviated range of T < −9°C). Asterisks (*) indicate spiral occurred within or near the axis of the RIJ.  
  
 77 
Date Spiral # 𝑅𝐻wwww (%) 𝑁qwww (cm−3) TWCwwwwww (g m−3) 𝐷33wwwwww (mm) ?̅? (%) 
20 June 2015  1*  ― ― ― ― ― 
  2*  35.6 9.47×10−5 5.80×10−3 0.785 56.9 
  3  47.5 ― ― ― ― 
  4*  56.8 7.46×10−4 5.57×10−2 0.847 73.3 
  5*  56.3 5.79×10−4 6.17×10−2 1.035 72.9 
  6  99.2 3.86×10−4 6.37×10−2 1.369 63.0 
    7*   75.4 1.34×10−3 1.33×10−1 1.037 73.3 
Table 3.4: Average values of RH, Nt, TWC, Dmm, and 𝒜 within each 20 June spiral (excluding S1) for T ≥ 5°C. Asterisks (*) 
indicate spiral occurred within or near the axis of the RIJ. Dashes (―) are used where little or no data were available to calculate 




Fig. 3.1: (a) NOAA Weather Prediction Center surface analysis valid at 0000 20 June 2015. (b) NOAA Storm Prediction Center 
analyzed 850 hPa heights (solid black contours), temperature (dashed red contours), dewpoint temperature (filled contours), and 
winds (flags equal 50 kts, long barbs equal 10 kts, and short barbs equal 5 kts). 
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Fig. 3.2: Radar reflectivity composites at 1 km AGL (1.6 km MSL) comprised of 88D observations of the 20 June 2015 MCS. Key 
periods discussed in the text are shown between 0200 and 0801 UTC, with the flight track (white line, black edge) and current 
location of the P-3 (black dot, white edge) shown along with the location and maximum range of the fore and aft beams of the TDR 
(red and blue lines, respectively). The dotted black outline in (e) denotes the location of the rear inflow notch at that time, and the 
dashed black arrow(s) in (e), (g), (h), (k), and (l) refer to the approximate location and direction of the main RIJ axis. 
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Fig. 3.2: (continued) 
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Fig. 3.3: Horizontal ground-relative wind speed (m s−1) observed aboard the P-3 as a function of altitude (km) MSL for all PECAN 
spirals (light gray traces). Profiles of spirals analyzed from 20 June 2015 are indicated in the legend, along with the MCS region 
where each spiral occurred and an indication of whether the given spiral occurred in the vicinity of the RIJ or rear inflow notch of 
the MCS. The ML bounds (if defined) are indicated by stars on each of the 20 June spirals, with colors corresponding to those 
provided in the legend. 
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Fig. 3.4: Horizontal ground-relative wind speed (m s−1) observed aboard the P-3 compared with the same quantity as determined 
by the SAMURAI analyses of (a) S2, (b) S5, and (c) S7, all as functions of altitude (km MSL). SAMURAI wind speeds are those 
coincident with the P-3 flight track within each spiral as viewed from the plane of each cross-section.  
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Fig. 3.5: Radar reflectivity and ground-relative winds determined by the S2 SAMURAI analysis at 2.8, 4.3, 5.8, and 7.8 km MSL 
in (a), (b), (c), and (d), respectively. Wind barb flags represent 50 m s−1, long barbs are equal to 10 m s−1, and short barbs represent 
5 m s−1. TDR data collected along the P-3 flight track shown (white line, black outline) were used in this SAMURAI analysis. The 
solid black line designates the location of the cross-section in Fig. 3.7, and the dashed black line in (a) and (b) denotes the 
approximate location of the rear inflow notch referred to in the text. All plots are valid at 0508 UTC on 20 June 2015. 
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Fig. 3.6: As in Fig. 3.5, but with storm-relative winds plotted. The storm motion vector at this time is provided in the upper-right 
corner of each panel. 
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Fig. 3.7: Vertical cross-section given by the solid black line in each panel of Figs. 3.5 and 3.6 of (a) reflectivity, (b) cross-section-
parallel storm-relative winds, where solid black contours designate positive values (left to right) every 5 m s−1 and dashed black 
contours are negative values (right to left) also every 5 m s−1 (contour colors change to white at ±40 m s−1 for readability), and (c)  
as in (b), but with cross-section-parallel ground-relative winds. Each panel shows the two-dimensional P-3 flight track as viewed 
from the plane of the cross-section (white line, black outline), the location of the top and bottom of the ML in the vicinity of the 
spiral (bold dashed black lines), and the T and RH values observed at the bottom boundary of the ML. Each panel is valid at 0508 
UTC on 20 June 2015. 
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Fig. 3.8: As in Fig. 3.5 but for the S5 SAMURAI analysis, valid at 0613 UTC on 20 June 2015. Black solid line indicates the 
location of the cross-section presented in Fig. 3.10. 
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Fig. 3.9: As in Fig. 3.8 but with storm-relative winds plotted. The storm motion vector at this time is provided in the upper-right 
corner of each panel. 
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Fig. 3.10: As in Fig. 3.7, but with data from the S5 SAMURAI analysis valid at 0613 UTC on 20 June 2015, with the location of 
the cross-section given by the solid black line in each panel of Figs. 3.8 and 3.9. 
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Fig. 3.11: As in Fig. 3.5 but for the S7 SAMURAI analysis, valid at 0752 UTC on 20 June 2015. The black solid line indicates the 
location of the cross-section presented in Fig. 3.13. 
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Fig. 3.12: As in Fig. 3.11 but with storm-relative winds plotted. The storm motion vector at this time is provided in the upper-right 
corner of each panel. 
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Fig. 3.13: As in Fig. 3.7, but with data from the S7 SAMURAI analysis valid at 0752 UTC on 20 June 2015, with the location of 
the cross-section given by the solid black line in each panel of Figs. 3.11 and 3.12. 
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Fig. 3.14: (a) As in Fig. 3.2 but valid at 0534 on 20 June 2015, near the end of S3. X and X’ indicate the RHI orientation in (b). (b) 
Reflectivity RHI from the TDR aft beam at 0534, located between the X and X’ indicators at either end of the blue lines in (a). The 
location of the P-3 in (b) is given by the black dot.  
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Fig. 3.15: As in Fig. 3.14 but valid at 0640 on 20 June 2015, the beginning of S6. The horizontal dashed lines indicate the top and 
bottom boundary of the ML as determined by particle imagery. 
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Fig. 3.16: As in Fig. 3.3 but with T (°C) as a function of altitude (km) MSL. 
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Fig. 3.17: As in Fig. 3.3 but with RH (%) as a function of T (°C). 
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Fig. 3.18: As in Fig. 3.3 but with RH (%) as a function of altitude MSL (km). 
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Fig. 3.19: Representative particle images observed by the CIP during S1 as a function of T (°C). 
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Fig. 3.20: Representative particle images observed by the CIP during S2 as a function of T (°C). 
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Fig. 3.22: Representative particle images observed by the CIP during S4 as a function of T (°C). 
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Fig. 3.23: Representative particle images observed by the CIP during S5 as a function of T (°C). 
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Fig. 3.24: Representative particle images observed by the CIP during S6 as a function of T (°C). 
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Fig. 3.25: Representative particle images observed by the CIP during S7 as a function of T (°C). 
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Fig. 3.26: As in Fig. 3.3, instead for 𝒜 (%) as a function of T (°C). The ML bounds (if defined) are indicated by stars on each of 
the 20 June spirals, with colors corresponding to those provided in the legend. 
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Fig. 3.27: (a) N(D) and (b) M(D) from the extended CIP observations as a function of time (UTC) and T (°C) for S2. The bold 
black trace in (a) and (b) represents the D (mm) of the median N(D) and M(D), respectively, the dark grey traces represent the D 
of the 25th and 75th percentiles for each quantity, and the dashed black traces in (b) represent the D of the 10th and 90th percentiles 
of M(D). The horizontal dashed black lines indicate the boundaries of the ML, with the value of T provided for each. Dark blue 
solid lines refer to key periods discussed further in the text. 
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Fig. 3.28: As in Fig. 3.27 but with data collected in S4. 
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Fig. 3.29: As in Fig. 3.27 but with data collected in S5. 
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Fig. 3.30: As in Fig. 3.27 but with data collected in S7. 
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Fig. 3.31: As in Fig. 3.27 but with data collected in S3. ML bounds are not indicated as one was not observed within this spiral. 
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Fig. 3.32: As in Fig. 3.27 but with data collected in S6. 
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Fig. 3.33: As in Fig. 3.3, but for Nt (cm-3) as a function of T (°C). The ML bounds (if defined) are indicated by stars on each of the 
20 June spirals, with colors corresponding to those provided in the legend.  
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Fig. 3.34: As in Fig. 3.3, instead for TWC (g m-3) as a function of T (°C). 
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Fig. 3.35: As in Fig. 3.3, but for Dmm (mm) as a function of T (°C). 
  
 114 
Chapter 4: Analysis of all PECAN Spirals 
Airborne observations from PECAN represent a large collection of data within midlatitude 
MCSs, and significantly reinforce and expand similar observations from the 2003 BAMEX 
project. In total, 35 spiral profiles consisting of thermodynamic and microphysical observations 
were performed in various regions of five separate MCSs. This chapter details each of the six P-3 
missions of interest in Section 4.1, followed by comparisons of all spiral profile data based on 
MCS zone in Section 4.2. A brief analysis of data collected during two spirals in the region 
immediately behind a frontal squall line is given in Section 4.3, with consideration of the possible 
impacts of the RIJ on characteristics of the ESR in Section 4.4. Comparisons with BAMEX 
observations are presented in Section 4.5, with concluding remarks given in Section 4.6. 
4.1 P-3 Mission Overviews 
Brief overviews of six PECAN P-3 Intensive Operation Periods (IOPs) and Unofficial Field 
Operations (UFOs) are provided in this section to provide a meteorological basis for how each 
system formed and evolved, along with information pertaining to the targeted science objectives 
and any operational/logistical information of relevance to the present study. In total, the P-3 flew 
nine missions during PECAN; the six analyzed in this study had at least one spiral profile, with as 
many as 16 spirals in a single flight. An overview of the 20 June 2015 mission was provided in 
Section 3.1. 
4.1.1 17 June 2015: IOP11 
IOP11, on 17 June 2015 in northwestern and central Nebraska, was the first mission of 
PECAN that used the P-3. At approximately 2130 on 16 June, two convective cells initiated along 
a pre-frontal trough in northwestern Nebraska, with one cell located 65 km west, and the other 
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130 km north-northwest of North Platte. By 0000 on 17 June, these storms had taken on 
supercellular structure and propagated ~ 35 km to the east, while preexisting convective features 
and scattered stratiform precipitation crossed into Nebraska approximately 150 km to the west of 
these cells. The P-3 approached the region at 0145 (Fig. 4.1a), at which time the supercells 
exhibited a tendency towards upscale organization, as the disorganized stratiform region in the 
Nebraska panhandle grew closer. After passing to the east, and then north of the original northern 
supercell at 0220, the P-3 proceeded to sample the stratiform region to the west, carrying out 
several PDD passes between 0230 and 0320 (Figs. 4.1b,c). Between 0356 and 0526, the P-3 
conducted the first three spirals (Figs. 4.1d-f), while the two original supercells evolved into an 
MCS conforming to the TS archetype. During Spirals 1-3, the targeted areas of the ESR rapidly 
eroded, so that the observations were predominantly below the anvil cloud base, which was located 
at approximately 6.6 km MSL based on TDR reflectivity. As a result, the majority of Spirals 1 and 
3 occurred in clear air. These are excluded from this study. Between 0539 and 0649, the P-3 
conducted Spirals 4, 5, and 6 within the trailing edge of the ESR, during which the MCS did not 
exhibit significant changes in low-level reflectivity structure (Figs. 4.1g-i), maintaining a well-
defined leading CL, TZ, and ESR. The 7th, and final, spiral sampled the leading edge of the ESR 
37 km from the CL (Fig. 4.1j) and returned to base shortly thereafter. 
4.1.2 01 July 2015: IOP17 
The 1 July 2015 IOP17 MCS was highly disorganized, most characteristic of the nonlinear 
(NL) archetype. A swath of predominantly stratiform precipitation began filling in towards the 
south along the Nebraska/Iowa border at approximately 1200 on 30 June, associated with 
persistent southerly flow intersecting a west-east baroclinic zone near the northern border of 
Missouri. This region of precipitation persisted through the daytime hours, and gradually moved 
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southward with occasional periods of embedded convection. The P-3 took off at approximately 
0400 on 1 July, at which time a weakly coherent NL MCS had formed, with a broken line of 
convection extending from east central Nebraska, through southwest Iowa, and into north central 
Missouri (Fig. 4.2a). The P-3 arrived onsite shortly before 0500, when a marginal convective 
structure was beginning to dissipate (Fig. 4.2b). Between 0604 and 0620 the P-3 conducted a spiral 
descent through the ESR (Fig. 4.2c). After passing through the ML and reaching the bottom of the 
descent, the P-3 crew reported that the deicing system was non-functional, which necessitated the 
remainder of the flight remain at T > 0°C, thus precluding any additional spiral profiles. The MCS 
persisted through the remainder of the mission, exhibiting disorganized regions of sporadic 
embedded convection while the P-3 executed a number of PDD passes between 0700 and 0830 
(Figs. 4.2d,e), before returning to base shortly after 0900 (Fig. 4.2f). 
4.1.3 02 July 2015: UFO8A 
Convection initiated at approximately 2230 on 1 July 2015 along the same stationary front 
that served as a source of lift for the 1 July MCS. The front had shifted southward into north central 
Missouri by this time, with predominantly supercells and cellular convection forming from Kansas 
City eastward. By 0200 on 2 July, the line of initially discrete convective cells had grown upscale 
into a contiguous CL with no associated stratiform rain (Fig. 4.3a). At 0300 the MCS began to 
exhibit a leading stratiform region to the south of the CL (Fig. 4.3b). Due to air traffic near Kansas 
City, and delays while attempting to resolve a malfunction in the lower fuselage radar, the P-3 
remained approximately 85 km to the north of the CL until proceeding south to begin the first 
spiral descent at 0342. Spiral 1 concluded at 0402 and sampled predominantly clear air beneath 
cloud base (approximately 7.1 km MSL based on TDR reflectivity) in the trailing AR (Fig. 4.3c) 
and recorded an RH of 1.78% at 6.5 km MSL, the lowest RH observation of all PECAN spirals. 
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The P-3 proceeded to execute a second spiral 92 km due east in the AR between 0415 and 0435 
(Fig. 4.3d), and while much of the spiral was in clear air, managed to observe the ML, which had 
the smallest transition from melting onset (0.72°C) to completion (1.5°C) observed of all PECAN 
spirals (Fig. 4.4). Despite the presence of an extensive ESR to the south of the CL, the P-3 was 
forced to remain to the north because of the absence of a safe access across the CL. A final spiral 
descent was conducted between 0441 and 0503, 57 km to the southwest of Spiral 2 (Fig. 4.3e). 
While Spiral 3 managed to remain in cloud more often than Spiral 1, a considerable amount of 
time was spent in clear air beneath the cloud base (approximately 7.1 km MSL) of the trailing AR. 
Following Spiral 3, the P-3 executed several PDD passes along the trailing edge of the weakening 
CL before returning to base after 0700 (Fig. 4.3f). 
All three spirals from UFO8A were classified as AR zone within the LS type. These spirals 
were not included in the forthcoming analyses due to largely sampling clear air, and the poor siting 
relative to the LS MCS structure. 
4.1.4 06 July 2015: IOP20 
The observations collected during the 6 July 2015 IOP20 MCS are the most complete and 
diversified of PECAN, both in terms of the assets deployed and their locations relative to the 
system. An overview of this MCS and its evolution is provided by Bodine and Rasmussen (2017). 
A brief synopsis is provided here, with emphasis on how the storm evolution relates to the timing 
and location of the P-3 spiral profiles. 
The 6 July convective system consisted of an initially separate and distinct MCS that grew 
upscale from convection initiated by focused ascent associated with a 500 hPa shortwave trough 
over eastern Montana and Wyoming around 2300 on 5 July. In addition, convection initiated in 
northeast South Dakota around 0000 on 6 July along a convergent boundary between a cold front 
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and the low-level jet, with the convection expanding along the front to the west-southwest and 
east-northeast with time. The northern tip of the MCS and initial stages of the frontal squall line 
appear in Fig. 4.5a. The P-3 arrived on site shortly after 0130 (Fig. 4.5b) and proceeded to sample 
along the MCS in southern South Dakota, briefly entering a holding pattern around 0230 
(Fig. 4.5c). The aircraft then moved to the northeast to sample behind the frontal squall line when 
further observation of the southern MCS was deemed unsafe. Around 0350, the CL of the southern 
MCS intersected the southern tip of the frontal squall line, and stratiform precipitation associated 
with both the MCS and preexisting convection in northern South Dakota began to fill in behind 
the front and to the north of the MCS (Fig. 4.5d). The P-3 executed the first two spirals of the 
mission between 0319 and 0345 just behind the frontal squall line to the northeast of the 
MCS/squall line intersection (Fig. 4.5d). The ascent of Spiral 1 began at approximately 4.5 km 
MSL with observations for T < 0°C. The frontal squall line lacked a well-defined ESR at this time, 
and little to no precipitation reached the surface beneath the spirals. Although Spirals 1 and 2 were 
associated with similar reflectivity structures as might be found in a formative TZ, the differences 
in kinematic and dynamic structure between a TS MCS and a frontal squall line warranted a 
separate classification. These two spirals were treated separately as post-frontal (PF). An analysis 
of these PF spirals is provided in Section 4.3. 
Following Spirals 1 and 2, the P-3 proceeded southwest to the stratiform region immediately 
north of the MCS/squall line intersection and began the third spiral at 0423 in the ESR (Fig. 4.5e), 
by which time a secondary line of convection had formed ahead of the squall line. Spiral 3 was 
immediately followed by a spiral descent in the same location, concluding at 0453 (Fig. 4.5f), 
when the CL of the southern MCS appeared to be weakening and the frontal squall line had 
converged with the secondary line ahead of it. After conducting several PDD passes behind the 
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squall line, the P-3 returned to about 35 km southeast of the absolute locations of Spirals 3 and 4 
and executed Spirals 5 and 6 in the ESR between 0540 and 0613 (Figs. 4.5g,h). By this time, the 
MCS and squall line had merged into a single convective system, with a well-defined ESR located 
west and southwest of the squall line. Spirals 7 and 8 were executed within the ESR behind the 
squall line, 89 km to the northeast of the absolute locations of Spirals 5 and 6, between 0622 and 
0654 (Figs. 4.5h,i). Following Spiral 8, the P-3 turned south to return to base, as convection within 
the system became increasingly disorganized, with clusters of convective cells forming ahead of 
the system in northeastern Iowa (Fig. 4.5i,j). 
The 6 July convective system yielded two PF spiral profiles to the northeast of where an MCS 
intersected a frontal squall line, four spirals in the mature ESR formed by the merger of the two 
systems, with an additional two spirals in the mature ESR trailing the frontal squall line. 
4.1.5 09 July 2015: IOP21 
At approximately 2000 on 8 July 2015 a group of convective cells initiated and organized in 
far northeastern New Mexico, east of a 500 hPa trough aloft. The formative MCS propagated to 
the southeast into the center of the Texas panhandle by 0125 on 9 July, at which time the P-3 had 
arrived at the northeastern end of the CL (Fig. 4.6a). At this time the MCS consisted primarily of 
a leading CL with hints of a stratiform region forming along its northeastern half. The P-3 sampled 
along the trailing edge of the CL before executing the first two spirals between 0227 and 0253, 
within and beneath the periphery AR and behind a portion of the CL where a bow echo briefly 
formed over Amarillo around 0300 (Fig. 4.6b). At this time, the P-3 shifted approximately 22 km 
to the southwest of the absolute locations of Spirals 1 and 2, to perform Spirals 3 and 4 between 
0257 and 0322 behind the apex of the bow (Fig. 4.6c) in a region still best characterized as the 
AR. Between 0125 and 0325, the MCS developed an ESR to the northeast, parallel to the CL, with 
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a narrow, quasi-stationary line of convection extending to the west-northwest, nearly orthogonal 
to the primary CL. 
The P-3 shifted northeast into the ESR after Spiral 4 and proceeded to consecutively execute 
Spirals 5-8 between 0332 and 0429 (Figs. 4.6d,e). At 0436, stratiform precipitation had begun to 
fill in to the northwest of the CL, prompting a change in system classification to TS for the 
remaining spirals (Fig. 4.6e), all of which sampled the ESR. Spirals 9 and 10 commenced between 
0436 and 0503, during which time the main CL had shifted from a south-southwest/north-northeast 
orientation to a nearly west-east orientation (Fig. 4.6f). The remaining six spirals were conducted 
nearly back-to-back between 0517 and 0641 (Figs. 4.6g-j), with Spirals 6-16 all occurring within 
a circular region less than 40 km in diameter. During these eleven spirals, the MCS and CL 
remained nearly stationary, while very slowing expanding to the east into Oklahoma, and 
maintaining a western border near Amarillo. 
The 9 July IOP21 MCS in the panhandle of Texas yielded 16 spiral profiles; half of which 
sampled the system when it had PS structure, and the final half when the MCS had transitioned to 
a TS structure. Four spirals were executed within and beneath the AR behind a developing bow 
echo, while the remaining 12 spirals were within a focused region of a well-defined and nearly 
stationary ESR. This MCS accounted for 44% of all ESR spirals during PECAN. 
Based on the availability of data presented in this section, the spirals were segregated into five 
groups: (1) spirals in the ESR (including a subgroup of spirals within or near the RIJ axis), (2) 
spirals in the AR, (3) spirals in the TZ, (4) spirals behind a frontal squall line, and (5) spirals mostly 
in clear air (Table 4.1). With the exception of Group 5, a statistical analysis of the data within each 
group, as a function of T, is presented in the following section. 
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4.2 MCS Zone Comparisons 
A scheme similar to that employed by S09 with BAMEX data, described in Section 2.3, was 
used to classify the 35 PECAN spirals yielding two in the TZ (both in the vicinity of the RIJ axis), 
27 in the ESR, and 11 in the AR (Tables 2.5 and 2.6). The ranges of altitude, T, and RH for each 
spiral are given in Table 4.2, along with the T of the ML top and bottom boundaries. Spiral 1 from 
20 June did not traverse the ML. The average rate of change of T with respect to altitude, and the 
fractional rates of change with respect to T of 𝑙𝑜𝑔?, 𝑁q and 𝑙𝑜𝑔?, TWC for T < 0°C (determined 
following the approach described in Sections 3.2) are provided for each PECAN spiral in 
Table 4.3.  
Graphical representations of how the medians and 25th-75th percentile spreads of 𝑹𝑯, 𝑵𝒕, 
𝐓𝐖𝐂, 𝑫𝒎𝒎, and 𝓐 varied as a function of T within the ESR and AR are presented in this section, 
along with vertical profiles of the 10-s averages of RH, Nt. TWC, Dmm, and 𝒜 for the two TZ 
spirals, and an outlier AR spiral. As detailed in Section 2.3, the following quantities will be 
analyzed: the average median value (𝒙XY), the average rate of change of the median as a function of 
T (𝑑𝒙X 𝑑𝑇⁄ ), and mean 𝓡 (𝓡𝒙wwww), where x is any of the aforementioned zone-aggregated quantities, 
both above and below the ML (Table 4.4), with the ML defined here as 0°C < T < 5°C for the 
purposes of multi-spiral comparison. Mean values (?̅?) and rates of change (𝑑𝑥/𝑑𝑇) above and 
below the ML (Table 4.5) were analyzed for the individual spiral profiles of the TZ and the outlier 
AR, where 𝑥 is any of the 10-s averaged quantities. Due to the non-Lagrangian nature of the 
PECAN spirals, specific processes affecting individual particle populations cannot be observed, 
though information about the processes occurring in these spirals can be inferred by considering 
the rates of change of microphysical quantities as a function of T. 
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4.2.1 Enhanced Stratiform Region 
The RH observed within the ESR during PECAN was at or above ice saturation for T ≤ −6°C 
in 23 of the 27 spirals executed there (Fig. 4.7), with a zone-aggregated 𝑹𝑯awwwww for T ≤ 0°C of 108.4% 
and low variability with a 𝓡𝑹𝑯wwwwww of 4.6%. The changes in the PSDs with T above the ESR ML were 
consistently characterized by greater decreases in logNt than in logTWC (Figs. 4.8 and 4.9), with 
𝑑𝑙𝑜𝑔𝑵𝒕a 𝑑𝑇⁄  = −21.4% °C−1 and 𝑑𝑙𝑜𝑔𝐓𝐖𝐂d 𝑑𝑇⁄  = −14.26% °C−1. More negative 𝑑𝑙𝑜𝑔𝑵𝒕a 𝑑𝑇⁄  than 
𝑑𝑙𝑜𝑔𝐓𝐖𝐂d 𝑑𝑇⁄  is often associated with aggregation, as small particles aggregate to become larger 
particles, reducing Nt, but not TWC. Both Nt and TWC also decrease with aggregation through 
increased particle size because fall velocities increase with particle size. The expected increase in 
particle size with increasing T near the ML is also seen through 𝑑𝑫𝒎𝒎d 𝑑𝑇⁄  of 27 µm °C−1 
(Fig. 4.10), with a predominance of aggregates observed in the CIP imagery directly above the 
ML. These results indicate that for T ≤ 0°C in the ESR, aggregation served as the dominant 
microphysical process controlling the evolution of particle shapes and sizes. The values of RH near 
ice saturation further suggest that the influence of sublimation on depositional growth would be 
minimal. 
A spike to larger values was observed in the ESR 𝑫𝒎𝒎d  and spread of 𝑫𝒎𝒎  within the 
0°C ≤ T ≤ 5°C range (Fig. 4.10). This increase in Dmm was seen during eight spirals which were 
associated with RH at T = 0°C ranging from 80-95%. These spirals were also associated with some 
of the driest conditions among the ESR spirals for T > 0°C, with an average minimum RH of 43%. 
Particle imagery from these spirals indicated primarily aggregates above and within the top of the 
ML, with a delay in the onset of melting to ~ 2.5°C, roughly the location of the observed increase 
in 𝑫𝒎𝒎d . Vertical profiles of 𝒜 are useful in identifying possible aggregation events, and more 
readily, the temperatures where melting is occurring. As ice particles melt and collapse into water 
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drops, values of 𝒜 rapidly increase towards 100% as the particle shape becomes more circular. 
The lowest 𝓐  observed within all zones at and above the ML was associated with the ESR 
(Fig. 4.11), with individual spiral profiles (not shown) illustrating values of 𝒜 ranging from 
28-45% near the ML in the spirals exhibiting melting onset delays. As such, the increase in Dmm 
and decrease in 𝒜 observed within these spirals may indicate aggregation was occurring more 
actively just above and possibly within the ML in those regions, with the observed delay in melting 
onset likely due to sublimation cooling at the surface of the ice particles in the subsaturated air. In 
the other ESR spirals, where melting onset occurred at or near 0°C, there was evidence of 
aggregation occurring just above the ML in the ESR, as previously shown by Biggerstaff and 
Houze (1991, 1993).  
4.2.2 Anvil Region 
Six spirals occurred in the AR of the PECAN MCSs. Radar imagery showed that five of the 
anvils had similar radar structure, while one (17 June Spiral 2) occurred where there was a deeper 
radar echo with higher values of TDR reflectivity, and was nearer to the ESR. The data from the 
17 June spiral will thus be analyzed separately from the other five. 
All AR spirals (excluding the 17 June spiral unless otherwise noted) had values of 
𝑑𝑙𝑜𝑔TWC 𝑑𝑇⁄  more negative by 10% °C−1 on average than their associated 𝑑𝑙𝑜𝑔𝑁q 𝑑𝑇⁄  when 
considered over all T ≤ 0°C (Table 4.3). This relationship is qualitatively opposite that observed 
within the ESR, and is reflected in the zone-aggregated 𝑑𝑙𝑜𝑔𝑵𝒕a 𝑑𝑇⁄  and 𝑑𝑙𝑜𝑔𝐓𝐖𝐂d 𝑑𝑇⁄   for 
T ≤ 0°C, with values of −41.4% °C−1 and −50.0% °C−1, respectively (Table 4.4, and Figs. 4.8-9). 
Over the same T, a 𝑑𝑫𝒎𝒎d 𝑑𝑇⁄  of −27 µm °C−1 was observed with an 𝑹𝑯awwwww of 87.9% (Figs. 4.10 and 
4.7, respectively). When considered over 0°C ≥ T > −6°C where the 𝑹𝑯awwwww was 76.5%, 𝑑𝑫𝒎𝒎d 𝑑𝑇⁄  
was far more negative than for T ≤ 0°C at −79 µm °C−1. While the sampling of different particle 
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populations throughout each spiral coupled with some clear air sampling, given the low RH, affects 
a process-oriented interpretation, the observed rates of change of microphysical quantities in the 
AR spirals implies both aggregation and sublimation were active above the ML in the AR. An 𝑹𝑯awwwww 
of 87.9% for the AR spirals above the ML with the decreasing trends in 𝑫𝒎𝒎d , 𝑙𝑜𝑔𝑵𝒕a , and 
𝑙𝑜𝑔𝐓𝐖𝐂d  with T suggests sublimation was likely the dominant microphysical process controlling 
the particle evolution, particularly in the layer bounded by the ML and −6°C. The presence of 
aggregates in the particle imagery indicates that aggregation was occurring, though sublimation 
prevented the characteristic increase in 𝑫𝒎𝒎d  and probably caused the greater rate of decrease in 
𝑙𝑜𝑔𝐓𝐖𝐂d  relative to that of 𝑙𝑜𝑔𝑵𝒕a .  
The 17 June spiral exhibited characteristics frequently similar to the ESR for T ≤ 0°C, with an 
average RH of 100.36%, average Nt of 4.93×10−2 cm−3, and an average TWC of 5.54×10−1 g m−3. 
In addition, a greater rate of decrease in logNt than logTWC was observed with respect to 
increasing T of 32.4 % °C−1 and 24.6 % °C−1, respectively; opposite the relationship between the 
AR 𝑑𝑙𝑜𝑔𝑵𝒕a 𝑑𝑇⁄  and 𝑑𝑙𝑜𝑔𝐓𝐖𝐂d 𝑑𝑇⁄  and at lower rates. This layer contained intermittent periods 
dominated by characteristics more common to the AR. This behavior is most apparent in vertical 
profiles of RH, Nt, and TWC (Figs. 4.7-9, respectively), where for example, for 
−10°C ≤ T ≤ −8.5°C the 17 June spiral profile in each exhibits a sudden decrease from values 
predominately within the ESR spread to those nearer/within that of the AR. The same behavior is 
seen for −6°C ≤ T ≤ −3°C. This is consistent with spiraling into and out of a shallower region of 
the AR. Such a behavior is seen in TDR reflectivity from these times, with vertical reflectivity 
structure suggesting this spiral may have been located at the transition between the AR and the 
ESR.  
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4.2.3 Transition Zone 
The first two spirals of 20 June (S1 and S2) were the only PECAN spirals to sample the TZ. 
As noted in Section 2.3, the layer-averaged values for these TZ spirals were derived from each 
spiral directly, not from the binned median values as with the other MCS zones, and ℛ was not 
evaluated. As S1 observed a small range of T < −9°C and closely followed the values and trends 
observed for the same T in S2, the TZ zone statistics were solely determined using the observations 
of S2. Further, given the very low incidence of particle observations below the S2 ML (T > 6.8°C), 
the rates of change of microphysical quantities relative to increasing T were not computed below 
the ML. Both spirals sampled the same system-relative location (Fig. 3.2e), drifting eastward with 
the movement of the MCS, explaining why they exhibited similar characteristics in their common 
range of T. S1 and S2 were both supersaturated for T < −9°C (Fig. 4.7), each with an 𝑅𝐻wwww of 112%, 
and exhibited a more negative 𝑑𝑙𝑜𝑔𝑁q 𝑑𝑇⁄  of −22.4% °C−1 (−49.3% °C−1) (Fig. 4.8) than 
𝑑𝑙𝑜𝑔TWC 𝑑𝑇⁄  of −8% °C−1 (−34.5% °C−1) in S1 (S2) (Fig. 4.9). Dmm did not exhibit a significant 
trend with respect to T during S1, though during S2 𝑑𝐷33 𝑑𝑇⁄  for T < −9°C was +20 µm °C−1 
(Fig. 4.10). Such relationships between the trends in total number and mass concentrations coupled 
with an increasing Dmm are similar to those observed in the ESR above the ML (discussed in 
Section 4.2.2), suggesting that aggregation was the dominant process affecting the PSDs in these 
TZ spirals at T < −9°C. 
S2 remained predominantly supersaturated for T < −6°C, with considerably subsaturated 
conditions at warmer T. RH decreased to 62% at T = 0°C and reached a value of 28% at the bottom 
of the spiral at T = 15.4°C; the lowest RH for T > 0°C of all PECAN spirals (Fig. 4.7). The 
𝑑𝑙𝑜𝑔𝑁q 𝑑𝑇⁄  and 𝑑𝑙𝑜𝑔TWC 𝑑𝑇⁄  for T > −6°C each became more positive relative to their values in 
the saturated layer above, with values of −23.32% °C−1 and −11.97% °C−1, respectively (Figs. 4.8 
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and 4.9). These slower rates of change compared to those for T < −6°C, coupled with a near-zero 
dDmm/dT of −3 µm °C−1 for −6°C < T ≤ 0°C suggests that sublimation was modifying the effect of 
aggregation on particle characteristics in the increasingly subsaturated environment. As discussed 
in Section 3.2, sublimation cooling at the surface of the ice particles coupled with enhanced 
downdrafts associated with the RIJ notch region likely delayed the completion of melting to at 
least 6.8°C (Fig. 3.9). For T > 7°C, particles either completely sublimated/evaporated or 
diminished to undetectable concentrations, so no analysis for such T is presented. 
4.3 Frontal Squall Line Spirals 
Most PECAN spirals exhibited ice particles of indeterminable habit. The ice particles 
observed within the first two spiral profiles of 6 July were unique among the PECAN spirals, with 
an abundance of relatively pristine particles including needles, columns, stellar dendrites, and 
spatial dendrites, along with aggregates distinctly comprised of any of these (Figs. 4.12 and 4.13). 
The RH profiles observed during these two spirals did not significantly differ from those in the 
majority of all other PECAN spirals (Fig. 4.14), with periods of saturation with respect to water 
above the ML, and an average RH of 74% for T ≥ 5°C in Spiral 2. The variation in the 
microphysical quantities with respect to T for these PF spirals is remarkably differently than for 
the other PECAN MCS spirals. Vertical profiles of Nt (Fig. 4.15) indicated an increase in 
concentrations with increasing T above the ML, with a 𝑑𝑙𝑜𝑔𝑁q/𝑑𝑇 of +18% °C−1 for Spiral 1, and 
+27% °C−1 for Spiral 2, each for −3°C ≥ T ≥ −8°C. Vertical profiles of TWC similarly indicated 
an increase in total mass with increasing T, with a 𝑑𝑙𝑜𝑔TWC/𝑑𝑇 of +21% °C−1 for Spiral 1 for 
−3°C ≥ T ≥ −8°C, and +12% °C−1 for Spiral 2 for −5°C ≥ T ≥ −8.5°C (Fig. 4.16). For all other 
PECAN spirals, logNt and logTWC decreased with increasing T above the ML. The Dmm within 
each spiral was also observed to increase with T in the same layers (Fig. 4.17), with 𝑑𝐷33/𝑑𝑇 
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equal to 51 µm °C−1 in Spiral 1, and 10 µm °C−1 in Spiral 2. In addition, these spirals had the 
lowest average Dmm for T ≤ 0°C compared to the 𝑫𝒎𝒎dwwwwwww for each of the other three MCS zones 
which ranged from 1.146 mm in the ESR, to 1.314 mm in the AR (Table 4.4), with 0.86 mm and 
0.95 mm for Spirals 1 and 2, respectively. The concurrent increases in logNt, logTWC, and Dmm 
with increasing T, and the presence of notably more pristine ice particles and aggregates of such, 
suggest that there was a fundamental difference in the dynamics to the rear of the frontal squall 
line not present and/or prominent within the MCS environments of the other PECAN spirals, which 
supported the pristine growth of ice crystals.  
4.4 ESR: RIJ vs. Non-RIJ Comparisons 
Airborne observations within or near the main axis of the RIJ of TS MCSs are exceedingly 
rare, with the 29 June 2003 BAMEX spiral profile in the TZ/notch the only such example prior to 
PECAN. The PECAN dataset consists of two TZ and three ESR spiral profiles in or adjacent to 
the main axis of the 20 June RIJ. The three PECAN ESR-RIJ spiral profiles (S4, S5, and S7) were 
compared to all other ESR spirals from PECAN to determine possible differences in the 
environment and particle population owing to the presence of the RIJ. 
All non-RIJ spirals were analyzed in a similar fashion as used in the MCS zone analysis in 
Section 4.2. The ESR RIJ spirals S4 and S5 were executed consecutively at the trailing edge of the 
ESR within the 20 June MCS (Figs. 3.2g,h), while S7 observed the leading edge of the ESR of the 
same MCS approximately 90 minutes later (Figs. 3.2k,i). While all three of these spirals occurred 
in the vicinity of the RIJ within the ESR, the environments at these two times and locations varied 
enough to warrant separate consideration relative to the non-RIJ spirals. As such, S4 and S5 were 
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considered in the same fashion as the non-RIJ spirals, as a part of a statistical classification set, 
with the S7 profile considered separately. 
In Chapter 3, the RH vertical profiles associated with the RIJ spirals were shown to exhibit 
considerable subsaturation within and below the ML (Fig. 3.8), with entrainment of dry air from 
the rear of the MCS and adiabatic warming associated with the descent of the RIJ contributing to 
the observed subsaturation. As such, a clear separation between the profiles of 𝑹𝑯a  and spread of 
𝑹𝑯 for the RIJ and non-RIJ ESR spirals in Fig. 4.18 is apparent, with the RIJ 𝑹𝑯a  exhibiting lower 
values than that of the non-RIJ by 5-20% for most T > 0°C. The S7 RH was found to approximately 
align with the non-RIJ 𝑹𝑯a  for the same T, suggesting that any impact of the RIJ on the ambient 
RH at this particular time and location in the ESR was insignificant. 
The RIJ 𝑵𝒕 and 𝐓𝐖𝐂 were approximately within and just beyond the 3rd quartile of the non-
RIJ spreads for T ≤ 0°C, with no significant difference in the fractional rates of changes of either 
quantity between the RIJ and non-RIJ (Figs. 4.19 and 4.20). The 𝑫𝒎𝒎 of the S4 and S5 set was 
almost entirely contained within the spread of the non-RIJ 𝑫𝒎𝒎 above the ML, with the S7 Dmm 
exhibiting significantly lower values for T < −7°C, and only just approaching the 𝑫𝒎𝒎d  of the non-
RIJ at T = 0°C (Figs. 4.21). Of note, the S7 𝑑𝐷33/𝑑𝑇 was 58 µm °C−1 above the ML, more than 
30 µm °C−1 greater than the 𝑑𝑫𝒎𝒎d 𝑑𝑇⁄  observed in both the {S4, S5} RIJ set and non-RIJ set, 
which combined with slightly more negative rates of decrease in logNt would suggest enhanced 
aggregation was responsible for the observed trends in S7 relative to most other ESR spirals. Below 
the ML, for T ≥ 5°C, both the 𝑵𝒕awwww of {S4, S5} and 𝑁qwww of S7 were greater than the non-RIJ 𝑵𝒕awwww by 
factors of 2.5 and 5, respectively. 
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These results indicate that while the ambient RH profiles of the S4 and S5 RIJ ESR spirals at 
T > 0°C reflected a significantly drier environment than most of the non-RIJ ESR spirals, total 
particle mass and number concentrations were generally greater in the RIJ ESR, both below and 
above the ML. The drier environment associated with the S4 and S5 spirals can be at least partially 
attributed to the presence of the RIJ, which would entrain drier air from the rear of the MCS into 
the ESR. Additionally, the previously inferred descent of the RIJ at this time and location would 
support adiabatic warming, further contributing to the observed subsaturation. The higher Nt and 
TWC observed in the RIJ ESR spirals relative to the non-RIJ ESR are not readily attributable to 
the presence of the RIJ, as lower number and mass concentrations would generally be expected to 
accompany the greater subsaturations observed. This discrepancy may be due to the association of 
the RIJ spirals with a single MCS, thus possibly preferentially highlighting the differences of this 
single system relative to the other ESR spirals. 
4.5 Comparisons Against BAMEX Data 
Direct comparisons were made of the microphysical quantities and how those quantities varied 
with T with the S09 BAMEX zone-specific spiral analyses, which comprised of observations 
within 12 spirals: one in the TZ/RIJ notch (the 29 June BAMEX spiral referenced in Chapter 3), 
nine in the ESR, and two in the AR. Additional comparisons were made with the M07 analyses 
for quantities not reported by S09. 
4.5.1 Enhanced Stratiform Region 
Of the three MCS zones, the ESR had the greatest number of spiral profiles in both PECAN 
and BAMEX. The PECAN and BAMEX 𝑹𝑯a  and 𝑹𝑯  spreads aligned very closely for 
0°C ≥ T ≥ −5°C, with the BAMEX 𝑹𝑯a  remaining steady at approximately 103% while the 
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PECAN 𝑹𝑯a  continued to increase for T < −5°C, generally remaining within ~1% of water 
saturation (Fig. 4.22b). For T < 0°C, the BAMEX ESR had a less negative 𝑑𝑹𝑯a 𝑑𝑇⁄  of 
−0.33% °C−1 compared to −1.2% °C−1 for PECAN. For T > 0°C, the BAMEX 𝑹𝑯a  was 2-5% 
higher than that of PECAN, with a less negative 𝑑𝑹𝑯a 𝑑𝑇⁄  of −2.0% °C−1 compared to the PECAN 
rate of −3.1% °C−1. The slightly larger 𝑹𝑯 spread observed in the PECAN ESR versus the 
BAMEX ESR for T > 0°C is possibly representative of greater variability in moisture below the 
ML in the PS, NL, and variably conforming TS MCS archetypes. The BAMEX ESR 𝑵𝒕  was 
generally greater than that observed during PECAN by approximately a factor of 5 for most T, 
though the overall trends in how much Nt varied with T were similar for both (Fig. 4.23b). For 
−10°C ≤ T ≤ 0°C, the BAMEX 𝑑𝑙𝑜𝑔𝑵𝒕a 𝑑𝑇⁄  was less negative than for PECAN, at −25.2% °C−1 
compared to −30.9% °C−1. Through and below the ML, for 0°C ≤ T ≤ 10°C, the BAMEX 
𝑑𝑙𝑜𝑔𝑵𝒕a 𝑑𝑇⁄  was more negative than the PECAN rate, at −35 % °C−1 and −26.4 % °C−1, 
respectively. Vertical profiles of TWC from every BAMEX spiral, most of which occurred in the 
ESR, are given in M07 (their Fig. 14). The approximate range and graphically-determined median 
of these BAMEX profiles (excluding the special cases of 24 May 2003 spiral 1, 2 June spiral 2, 
and 29 June 2003 spiral 1) are compared to the PECAN ESR zone-aggregated median and spread 
of 𝐓𝐖𝐂 in Fig. 4.24b. The lower range of BAMEX TWC was commonly greater than the 75th 
percentile of the PECAN ESR by a factor of ~1.5-2, while the median BAMEX TWC was typically 
greater than that of the PECAN ESR by a factor of ~5-10. The average 𝑑𝑙𝑜𝑔TWC/𝑑𝑇 reported by 
M07 for the BAMEX ESR spirals at T < 0°C was −11.8% °C−1, less negative than the PECAN 
𝑑𝑙𝑜𝑔𝑻𝑾𝑪d 𝑑𝑇⁄  for T ≤ 0°C of −14.26% °C−1.  
Most BAMEX ESR spirals were closer to the CL than those executed in PECAN, and typically 
sampled MCSs later in their evolution. Generally higher Nt and TWC may be expected for T < 0°C 
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closer to the CL in an MCS at the height of maturity than that observed further from the CL in the 
earlier stages of system development. As such, the greater values of Nt and TWC seen in BAMEX 
compared to PECAN may be partially associated with offsets in time and space of the observations, 
as well as the differences between the predominantly TS MCSs of BAMEX and the assortment of 
system structures in PECAN. The differences in data processing between BAMEX and PECAN 
discussed in Section 2.1.3 likely influenced the observed offset in the ESR observations and those 
of the other MCS zones discussed later in this chapter. However, the relatively consistent nature 
of these offsets increases confidence in the comparison of trends between each project. 
Though the frequency of subsaturated conditions in the ESR just above the ML was slightly 
greater in PECAN than in BAMEX, the PECAN observations trended to higher supersaturations 
than observed in BAMEX for T < −5°C. The PECAN 𝑑𝑙𝑜𝑔𝑵𝒕a 𝑑𝑇⁄  and 𝑑𝑙𝑜𝑔𝐓𝐖𝐂d 𝑑𝑇⁄  above the 
ML were more negative than the BAMEX averages of 𝑑𝑙𝑜𝑔𝑁q/𝑑𝑇 and 𝑑𝑙𝑜𝑔TWC/𝑑𝑇, which 
together with more saturated conditions suggests that aggregation had a more important impact on 
the temperature dependence of the microphysical characteristics in the ESR for PECAN than in 
BAMEX, with the impact of sublimation on aggregation expected to be minimal consistent with 
the results of S09. 
4.5.2 Anvil Region 
Comparison of the aggregate PECAN AR with the two BAMEX AR spirals was complicated 
by the fact different portions of the AR may have been sampled, with the outer fringes of the AR 
sampled and a greater incidence of clear air sampling in these regions during PECAN. The impacts 
of this are especially apparent at T ≥ 5°C in the vertical profiles of 𝑹𝑯a , 𝑵𝒕a , and 𝐓𝐖𝐂d  (Figs. 4.7-9), 
where the medians and spreads of these quantities alternate between increasing and decreasing 
with increasing T, likely because the P-3 was going in and out of cloud, sampling different 
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populations of particles. The mean values and rates of change for PECAN presented in the 
preceding sections were calculated over relatively large ranges of T, thus better capturing the 
overall characteristics of how each variable changes above and below the ML, noting that biases 
from the small-scale variations may still be present. Attempts to derive these same quantities over 
the T ranges used in the BAMEX analyses ( −10°C ≤ T < 0°C; 0°C < T ≤ 10°C) were exceptionally 
prone to accentuating the smaller scale trends in the PECAN AR data. As such, the ranges of T 
and values reported in Tables 4.4 and 4.5 will be used for comparison here. 
The two BAMEX AR spirals were relatively similar to one another in terms of RH, with 
primarily supersaturated conditions at T ≤ 0°C for the 21 June spiral, averaging 99.4%, and values 
of RH in the 6 July spiral near saturation for T ≤ 0°C, and at supersaturation for T < −6°C 
(Fig. 4.22c), averaging 101.9% above the ML. Comparatively, the PECAN 𝑹𝑯awwwww for T ≤ 0°C was 
87.9%, with far more variability both in the individual profiles of RH and in the zone-aggregated 
𝑹𝑯 than observed in the two BAMEX spirals. Of note, the 17 June AR spiral exhibited an RH 
profile closer to that of the BAMEX spirals than the other PECAN AR spirals, with an average RH 
for T ≤ 0°C of 100.4%. The 𝑑𝑙𝑜𝑔𝑁q/𝑑𝑇 for T < 0°C reported by M07 for the two BAMEX spirals 
differed by more than 10 % °C−1, with values of −13 % °C−1 for 21 June and −2.2 % °C−1 for 
6 July, far less negative than the PECAN AR 𝑑𝑙𝑜𝑔𝑵𝒕a 𝑑𝑇⁄  for T ≤ 0°C of −41.4% °C−1 (Fig. 4.23c). 
Interestingly, while the PECAN AR 𝑑𝑙𝑜𝑔𝐓𝐖𝐂d 𝑑𝑇⁄  decreased at a greater rate of −50% °C−1 than 
𝑑𝑙𝑜𝑔𝑵𝒕a 𝑑𝑇⁄ , 𝑑𝑙𝑜𝑔TWC/𝑑𝑇 for the 21 June and 6 July BAMEX spirals was −4.9% °C−1 and 
+5.4% °C−1, respectively. Neither M07 nor S09 address the nature of the positive trend in the 
6 July TWC. Nevertheless, S09 asserted that sublimation was acting in tandem with aggregation 
in the subsaturated regions of the BAMEX AR spirals, both just above 0°C, and through a portion 
of the ML, given the more negative 𝑑𝑙𝑜𝑔𝑁q/𝑑𝑇 and greater subsaturation observed there relative 
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to the BAMEX ESR spirals. These conclusions from the BAMEX data are consistent with those 
reached for the PECAN AR spirals, where even greater subsaturation was observed, and in deeper 
layers, both above and below the ML. These subsaturated conditions may account for the most 
negative 𝑑𝑙𝑜𝑔𝑵𝒕a 𝑑𝑇⁄  and 𝑑𝑙𝑜𝑔𝐓𝐖𝐂d 𝑑𝑇⁄  seen at T ≤ 0°C in any BAMEX spiral or the PECAN 
ESR and TZ spirals, suggesting that sublimation is more influential in controlling the 
microphysical characteristics in the AR than in the ESR or TZ. By extension, and in agreement 
with the conclusions of G09, the cooling imparted by sublimation is likely to be the greatest in the 
subfreezing and subsaturated AR where the descent of the RIJ (if present) typically initiates. The 
sustained drying observed below the ML in both the PECAN and BAMEX AR is supportive of 
continued sublimation prior to melting completion, followed by enhanced evaporation of any 
remaining liquid water.  
4.5.3 Transition Zone 
The RH profile of S2 from 20 June is comparable to that of the 29 June BAMEX TZ spiral, 
which also sampled within the RIJ notch region of an MCS, particularly for −3°C ≤ T ≤ 5°C with 
generally less than ±5% separation (Fig. 4.22a). The BAMEX TZ spiral exhibited higher RH for 
T > 5°C by up to 23%, and generally lower RH by up to 20% for T < −3°C with the BAMEX spiral 
RH never achieving saturation. The Nt profiles from the BAMEX TZ spiral were greater than that 
of the PECAN 20 June S2 Nt from as low as a factor of 2, for T < −5°C, to as much as a factor of 
5 for T > 0°C (Fig. 4.23a). Where TWC data were available for each project, approximately 
0°C ≥ T ≥ −10°C, the BAMEX TWC exceeded the PECAN 20 June S2 TWC by approximately a 
factor of 10 (Fig. 4.24a). Despite the differences in magnitude of Nt and TWC between the 
BAMEX and PECAN TZ profiles, the trends were similar, maintaining a consistent offset from 
each other with changing T. M07 reported a 𝑑𝑙𝑜𝑔𝑁q 𝑑𝑇⁄  and 𝑑𝑙𝑜𝑔TWC 𝑑𝑇⁄  for the 29 June 
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BAMEX spiral of −9.4% °C−1 and −5.4% °C−1, respectively, or about half the rates observed in 
20 June S2 over the same T. Neither spiral exhibited a significant variation in Dmm with respect to 
T. The particle imagery from both the 29 June BAMEX and 20 June S2 spirals indicated a 
significant delay in melting completion until at least 7°C. Taken together this suggests that 
sublimation was a dominant process controlling the microphysical characteristics in the TZ of each 
project, with aggregation also active though limited by the effects of sublimation, particularly so 
in the BAMEX TZ. The slightly faster decrease in logNt and logTWC in the PECAN TZ suggests 
that the ambient RH is not the sole factor contributing to differences seen in the rate of change of 
these bulk quantities, as generally less negative 𝑑𝑙𝑜𝑔𝑁q 𝑑𝑇⁄  and 𝑑𝑙𝑜𝑔TWC 𝑑𝑇⁄  would be 
expected with the higher RH. Horizontal inhomogeneity and the sampling of different particle 
populations may have complicated these analyses and the comparisons between them, particularly 
given the small sample size within the TZ from each project. Further in-situ observation of the TZ 
in TS MCSs is required to achieve a more statistically robust evaluation of the processes acting in 
this region. 
4.5.4 Outliers 
The 24 May spiral from BAMEX was described as having somewhat similar characteristics 
as the two 6 July PF spirals, where pristine columnar ice particles were observed to the rear of a 
mesoscale convective vortex. That case differs from the 6 July PF spirals however, as only Nt was 
observed to be increasing downward, while TWC was decreased with increasing T. 
4.6 Discussion and Conclusions 
An overview of the PECAN P-3 missions consisting of spiral profiles was provided in this 
chapter, along with a description of how each spiral was classified relative to the conceptual 
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framework provided in Section 2.3. Comparisons were made for the three MCS zones, namely the 
TZ, ESR, and AR, with consideration of how the characteristics within each zone compared to 
similar analyses previously carried out with the BAMEX dataset. The wide array of system 
structures observed across the P-3 missions afforded an opportunity to determine if the 
microphysical and thermodynamic characteristics of the ESR and AR regions vary across MCS 
archetypes, noting that the BAMEX cases predominantly conformed to the TS archetype. The TZ 
observations within the rear inflow notch from BAMEX and PECAN were compared directly. 
Furthermore, characteristics of spirals within the ESR and within or adjacent to the axis of the RIJ 
were compared against the aggregate of all other ESR spirals from PECAN in an attempt to identify 
potential changes in ESR characteristics potentially attributable to the presence of the RIJ. A brief 
analysis was provided of two spirals which sampled the region immediately behind a frontal squall 
line, which exhibited notably different microphysical characteristics than seen in all but one 
BAMEX spiral and all PECAN MCS spirals. The primary findings of the combined PECAN spiral 
analysis were as follows: 
1) Aggregation was the dominant process affecting the microphysical characteristics within 
the PECAN ESR for T ≤ 0°C, as evidenced by increases in Dmm and greater rates of 
decrease of logNt than logTWC on average, all relative to increasing T, with minimal 
influence by sublimation expected given RH values predominantly exceeding ice 
saturation. Higher RH for T ≤ 0°C in the PECAN ESR than that of BAMEX, coupled with 
lower rates of decrease in the BAMEX logNt and logTWC imply that aggregation had a 
more important impact on the temperature dependence of the microphysical characteristics 
in the ESR for PECAN than in BAMEX. 
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2) Sublimation cooling at the surface of ice particles owing to subsaturation above, within, 
and below the ML allowed for a delay in the onset of melting to 2.5°C on average within 
a subset of eight PECAN ESR spirals executed in the 20 June and 9 July TS MCSs. A 
similar delay was observed in the presence of greater subsaturation in the single BAMEX 
TZ spiral within the rear inflow notch of an MCS. The location of most BAMEX ESR 
spirals closer to the CL and in more mature MCSs likely contributed to higher RH near 
the ML, preventing similar delays in melting onset as observed in these PECAN spirals.  
3) The RIJ within the ESR contributes to a decrease in RH at and below the ML due to the 
entrainment of dry air from the rear of the MCS coupled with adiabatic warming 
associated with the RIJ descent. The similarity to non-RIJ ESR spirals exhibited by S7 on 
20 June appeared to be due to the close proximity to the CL, and the later stage in system 
evolution than the preceding RIJ ESR spirals, S4 and S5. The intensity of the 20 June 
MCS relative to the parent MCSs of the non-RIJ spirals may have been partially 
responsible for the higher values of Nt and TWC observed in the RIJ ESR than seen in the 
non-RIJ ESR, as generally lower concentrations of particle number and mass would be 
expected to accompany the relatively unsaturated environments and increased downward 
motion seen in S4 and S5. 
4) Sublimation had the greatest impact on the microphysical characteristics for T ≤ 0°C in 
the PECAN AR when compared to the impacts of sublimation observed in the PECAN 
TZ and ESR, as well as all three zones for BAMEX. This is reflected in greater decreases 
in logTWC and logNt with increasing T than in each of the other zones across both 
projects, noting that logTWC was observed to decrease at a greater rate than logNt. This 
was accompanied by decreases in Dmm with increasing T in the PECAN AR and an average 
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RH of 87.9% for T ≤ 0°C with saturation only achieved consistently for T ≤ −11°C. Thus, 
while aggregation was active in both the PECAN and BAMEX AR as observed in particle 
imagery, sublimation was likely responsible for limiting its effectiveness. These 
observations, taken with the results of G09, indicate that the cooling imparted by 
sublimation would be of the greatest magnitude across MCS zones in the subsaturated and 
subfreezing AR where the descent of the RIJ (if present) typically initiates. 
5) A combination of aggregation and sublimation can account for the observed temperature 
dependent changes in the microphysical characteristics of the TZ, specifically when 
collocated with the rear inflow notch as seen in the only two such microphysical profiles 
of this region from BAMEX and PECAN. When ice saturated conditions are present, such 
as observed in the PECAN TZ, increases in Dmm coupled with greater rates of decrease of 
logNt than logTWC with respect to increasing T primarily support aggregation as the 
dominant microphysical process, similar to the ice saturated regions of the PECAN and 
BAMEX ESR. As RH decreased below saturation, sublimation progressively became 
more influential by limiting the impact of aggregation and for T > 0°C. Combined with 
downdrafts associated with the RIJ descent discussed in Chapter 3, sublimation delayed 
the completion of melting to T as great as +6.8°C in PECAN and +7°C in BAMEX. 
6) The two PF spirals from 6 July illustrated the significant differences between the 
environment immediately behind a frontal squall line, and that generally observed in all 
other PECAN MCS spirals. The PF spirals exhibited a high incidence of pristine ice 
particles, including aggregates which were in many cases comprised of identifiable 
component habits. Further, logNt and logTWC were observed to increase with increasing 
T, above the ML, in direct contrast to the decreases observed in these quantities on average 
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in all other PECAN spirals for T ≤ 0°C. Considering the concurrent increase in Dmm with 
increasing T, it is expected that significantly different dynamics were at play in the region 
of these spirals than observed in all other PECAN spirals within MCSs. The 24 May 2003 
spiral from BAMEX had similar characteristics as the PECAN PF spirals and exhibited 
pristine columnar ice particles in a region trailing a mesoscale convective vortex center. 
This BAMEX spiral did not however exhibit an increase in logTWC with increasing T 
concurrent with increasing logNt. 
The PECAN and BAMEX observations where characterized by differences in observed 
system structures, as well as locations predominantly sampled within the MCSs of each project. 
As previously noted, the systems observed during PECAN rarely conformed to the various MCS 
archetypes, where only one of the six airborne missions with microphysical profiles truly exhibited 
a classic TS structure and evolution (20 June). In contrast, the BAMEX cases were dominated by 
MCSs clearly adhering to the TS archetype. In addition, many of the PECAN spiral profiles were 
conducted further from the MCS CL than in BAMEX. Comparisons made in the present study 
between MCS zones common to both projects highlight differences owing to MCS structures such 
as the ESR and AR, which are common to multiple MCS archetypes such as PS, NL systems, and 




Spiral Analysis Groups   Date   Mission   Spiral # 
(1) Spirals in the ESR  20150617  IOP11   4  
       5  
       6  
       7  
  20150620  UFO4   4*  
       5*  
       6  
       7*  
  20150701  IOP17   1  
  20150706  IOP20   3  
       4  
       5  
       6  
       7  
       8  
  20150709  IOP21   5  
       6  
       7  
       8  
       9  
       10  
       11  
       12  
       13  
       14  
       15  
       16  
(2) Spirals in the AR   20150617   IOP11    2  
  20150620  UFO4   3  
  20150709  IOP21   1  
       2  
       3  
       4  
(3) Spirals in the TZ   20150620   UFO4    1  
       2  
(4) Spirals behind frontal squall line   20150706   IOP20    1  
       2  
(5) Spirals mostly in clear air   20150617   IOP11    1  
       3  
  20150702  UFO8A   1  
       2  
             3  
Table 4.1: Outline of the five primary analysis groups used for comparison in Section 4.2. Asterisks (*) indicate that a given spiral 
occurred within or near the RIJ axis. 
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17 June 2015  2  2.51 7.36 -17.3 15.0 0.4 2.4 39.5 117.9 
  4  2.82 7.37 -17.5 11.3 1.0 3.4 42.5 118.6 
  5  7.38 2.53 -16.8 12.4 0.5 4.4 56.4 117.9 
  6  2.45 7.46 -17.5 12.4 0.1 2.5 61.6 118.5 
  7  7.39 2.56 -18.2 9.7 0.3 5.2 71.3 119.4 
20 June 2015  1*  5.94 7.33 -17.6 -9.3 ― ― 98.5 118.8 
  2*  7.33 2.88 -17.6 15.4 0.0 6.8 28.0 118.7 
  3  2.86 6.67 -15.9 12.0 ― ― 44.5 116.8 
  4*  6.67 2.60 -13.0 16.1 0.2 5.9 37.9 113.6 
  5*  2.54 6.68 -13.6 14.7 0.2 5.8 46.6 114.2 
  6  6.64 2.54 -13.4 9.6 2.3 4.6 86.5 114.0 
  7*  2.56 6.66 -13.2 12.2 0.0 4.7 66.9 113.8 
1 July 2015  1  6.75 1.99 -12.1 15.3 0.7 3.4 75.6 112.6 
6 July 2015  1  4.50 6.44 -9.7 -0.4 ― ― 91.0 109.9 
  2  6.44 1.99 -9.8 17.7 0.9 2.0 61.6 110.0 
  3  1.90 6.47 -9.3 17.6 0.0 3.8 59.7 109.5 
  4  6.47 1.93 -9.5 18.0 0.3 5.0 61.8 109.7 
  5  2.02 6.63 -9.0 16.0 0.0 1.9 86.0 109.2 
  6  6.61 1.93 -9.5 17.0 0.3 3.5 79.6 109.8 
  7  1.98 6.76 -10.8 17.4 0.1 3.1 61.4 111.1 
  8  6.76 2.08 -10.6 15.3 0.1 3.6 71.5 110.9 
9 July 2015  1  2.60 6.65 -13.4 17.0 0.0 0.8 45.5 100.7 
  2  6.65 2.48 -13.4 17.4 0.0 2.8 42.2 105.2 
  3  2.51 6.42 -12.2 16.6 0.0 1.6 51.4 111.5 
  4  6.42 2.55 -12.7 15.5 0.1 2.3 49.6 102.1 
  5  2.42 6.41 -11.2 15.9 0.5 2.8 47.5 111.0 
  6  6.44 2.33 -11.2 17.3 3.4 4.8 40.0 109.5 
  7  2.33 6.45 -11.1 17.7 1.3 3.8 38.7 99.8 
  8  6.45 2.31 -11.1 18.0 2.6 5.8 38.2 99.5 
  9  2.37 6.45 -10.8 17.3 0.4 3.7 44.1 107.9 
  10  6.45 2.22 -10.9 18.3 2.1 5.7 37.7 103.5 
  11  2.22 6.42 -10.6 18.0 0.1 2.3 43.8 105.9 
  12  6.42 2.24 -10.8 17.6 1.5 4.7 42.5 105.7 
  13  2.23 6.44 -10.2 16.7 0.6 3.7 51.0 108.0 
  14  6.44 2.24 -10.3 16.1 2.7 5.0 51.8 109.4 
  15  2.24 6.44 -10.6 16.1 0.7 2.6 55.4 110.1 
  16  6.44 2.34 -10.7 15.7 2.6 5.8 53.5 109.9 
Table 4.2: Starting and ending altitudes (MSL), maximum and minimum T and RH measured within each spiral, and T at the top 
and bottom of the ML (if observed; dashes (―) indicate the ML was either not sampled or that the available data were inconclusive). 
Asterisks (*) indicate spiral occurred within or near the axis of the RIJ. 
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Date Spiral # dT/dz (°C km-1) dlogNt/dT (% °C-1) dlogTWC/dT (% °C-1) 
17 June 2015  2  -6.31 -32.4% -24.6% 
  4  -5.94 -15.4% -10.4% 
  5  -5.45 -20.0% -5.3% 
  6  -5.60 -14.2% -7.2% 
  7  -4.92 -22.3% -11.7% 
20 June 2015  1*  -5.84 -22.4% -8.0% 
  2*  -7.41 -33.7% -24.1% 
  3  -7.35 -54.1% -62.9% 
  4*  -6.61 -30.4% -12.2% 
  5*  -6.47 -21.4% -11.6% 
  6  -5.17 -22.2% -16.3% 
  7*  -6.00 -30.9% -14.6% 
1 July 2015  1  -5.79 -17.5% -8.7% 
6 July 2015  1  -4.91 +35.1% +38.7% 
  2  -6.24 +17.9% +6.2% 
  3  -6.12 -34.7% -15.4% 
  4  -6.18 -35.1% -19.2% 
  5  -5.61 -38.8% -34.7% 
  6  -5.63 -25.3% -16.1% 
  7  -5.91 -41.4% -30.4% 
  8  -5.62 -34.5% -23.3% 
9 July 2015  1  -7.24 -38.3% -44.4% 
  2  -7.34 -35.3% -50.7% 
  3  -7.38 -38.9% -44.2% 
  4  -7.26 -46.7% -62.3% 
  5  -6.79 -41.4% -27.0% 
  6  -7.05 -28.6% -17.7% 
  7  -6.78 -10.2% -5.4% 
  8  -6.97 -13.1% -4.0% 
  9  -7.09 -26.5% -19.7% 
  10  -6.93 -17.2% -10.0% 
  11  -6.90 -26.7% -16.7% 
  12  -6.78 -27.4% -7.9% 
  13  -6.36 -25.0% -17.3% 
  14  -6.24 -28.7% -16.3% 
  15  -6.46 -27.1% -12.7% 
  16  -6.42 -17.7% -5.7% 
Table 4.3: Decrease of T (°C) with increasing altitude (km), and rates of increase of logNt and logTWC (%) with increasing 
temperature (°C) for T < 0°C for all PECAN spirals. Asterisks (*) indicate spiral occurred within or near the axis of the RIJ. 
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  T ≤ 0°C  T ≥ 5°C 
  MCS Zone  MCS Zone 
    ESR AR   ESR AR 
RH       
𝑹𝑯awwwww (%)  108.4 87.9  65.5 69.5 
𝑑𝑹𝑯a 𝑑𝑇⁄  (% °C−1)  -1.2 -2.5  -2.9 -2.8 
𝓡Y𝑹𝑯 (%)  4.6 11.5  19.8 13.7 
Nt       
𝑵𝒕awwww (cm−3)  5.37×10−2 6.47×10−3  2.45×10−4 4.81×10−5 
𝑑𝑙𝑜𝑔𝑵𝒕a 𝑑𝑇⁄  (% °C−1)  -21.4 -41.4  -13.6 -2.6 
𝓡Y𝑵𝒕 (%)  85.5 75.7  92.0 19.1 
TWC       
𝐓𝐖𝐂dwwwwwww (g m−3)  5.58×10−1 2.50×10−1  4.23×10−2 3.16×10−2 
𝑑𝑙𝑜𝑔𝐓𝐖𝐂d 𝑑𝑇⁄  (% °C−1)  -14.3 -50.0  -9.1 +6.9 
𝓡Y𝐓𝐖𝐂 (%)  54.1 86.5  84.0 33.8 
Dmm       
𝑫𝒎𝒎dwwwwwww (mm)  1.146 1.314  1.172 0.607 
𝑑𝑫𝒎𝒎d 𝑑𝑇⁄  (µm °C−1)  +27 -27  +2 +27 
𝓡Y𝑫𝒎𝒎  (%)  16.7 18.4  27.7 17.3 
𝒜       
𝓐fY  (%)   45.6 50.6  71.7 74.7 
𝑑𝓐f 𝑑𝑇⁄  (% °C−1)  -0.19 +0.48  +0.03 -0.41 
𝓡Y𝓐 (%)   3.9 7.3   9.9 4.9 
Table 4.4: The zone-aggregate average median values, rates of change of the median with increasing T, and mean ℛ of RH, Nt, 
TWC, Dmm, and 𝒜 for ESR and AR above (T ≤ 0°C) and below (T ≥ 5°C) the ML. 
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    T ≤ 0°C   T ≥ 5°C 
  Zone/Classification  Zone/Classification 




PF  TZ   AR   PF 
    20 June S1 20 June S2   17 June S2   6 July S1 6 July S2   20 June S2   17 June S2   6 July S2 
RH      
 
        
𝑅𝐻wwww (%)  112.2 104.7  100.4 
 
104.3 100.8  35.6  50.6  73.9 
𝑑𝑅𝐻/𝑑𝑇 (% °C−1)  -1.5 -2.9  -2.5 
 
-1.5 -1.7  -1.8  -0.8  -0.3 
Nt      
 
        
𝑁qwww (cm−3)  3.30×10−2 3.58×10−2  4.93×10−2 
 
1.20×10−2 9.20×10−3  3.58×10−2  4.00×10−4  4.41×10−4 
𝑑𝑙𝑜𝑔𝑁q/𝑑𝑇 (% °C−1)  -22.4 -33.7  -32.4 
 
+35.1 +17.9  ―  +11.9  -6.6 
TWC      
 
        
TWCwwwwww (g m−3)  6.80×10−1 4.83×10−1  5.54×10−1 
 
9.17×10−2 9.45×10−2  5.80×10−3  4.25×10−2  1.90×10−2 
𝑑TWC/𝑑𝑇 (% °C−1)  -8.0 -24.1  -24.6 
 
+38.7 +6.2  ―  +22.1  -2.2 
Dmm      
 
        
𝐷33wwwwww (mm)  1.342 1.281  1.230 
 
0.864 0.949  0.785  0.837  0.682 
𝑑𝐷33/𝑑𝑇 (µm °C−1)  +10 +9  +12 
 
+54 -68  ―  +31  +21 
𝒜      
 
        
𝒜̅ (%)  48.7 49.0  47.4 
 
50.0 49.7  56.9  75.3  70.1 
𝑑𝒜/𝑑𝑇 (% °C−1)  +0.11 +0.22  +0.41 
 
-1.72 +0.08  ―  -0.44  +0.67 
Table 4.5: The mean values of RH, Nt, TWC, Dmm, and 𝒜 and rates of change of each with respect to T for the two 20 June TZ 
spirals (S1 and S2), the 17 June AR spiral (Spiral 2), and the two 6 July PF spirals (Spirals 1 and 2) above the ML (T ≤ 0°C), and 
below the ML (T ≥ 5°C) for 20 June S2, 17 June Spiral 2, and 6 July Spiral 2, where dashes (―) indicate a given quantity was not 








Fig. 4.1: (continued) 
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Fig. 4.2: As in Fig. 3.2, though for the 1 July 2015 IOP17 MCS. Key periods discussed in the text are shown between 0400 and 
0900. 
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Fig. 4.4: Representative particle images observed by the CIP during Spiral 2 of UFO8A as a function of T (°C). 
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Fig. 4.5: (continued) 
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Fig. 4.6: (continued) 
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Fig. 4.7: Vertical profiles of 𝑹𝑯a  (%; blue and green solid lines) and the 25th-75th percentile range of 𝑹𝑯 (%; shaded blue and green 
with dashed boundaries) for the ESR and AR MCS zones as a function of T (°C). Separate traces are provided for the two TZ spirals 
from PECAN: S1 (orange line) and S2 (black line) from 20 June, along with an outlier AR spiral (6 July Spiral 2; red line). 
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Fig. 4.8: As in Fig. 4.7, but with vertical profiles of Nt (cm−3). 
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Fig. 4.9: As in Fig. 4.7, but with vertical profiles of TWC (g m−3).  
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Fig. 4.10: As in Fig. 4.7, but with vertical profiles of Dmm (mm). 
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Fig. 4.11: As in Fig. 4.7, but with vertical profiles of 𝒜 (%). 
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Fig. 4.12: As in Fig. 4.4 but for Spiral 1 from 6 July 2015. 
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Fig. 4.13: As in Fig. 4.4 but for Spiral 2 from 6 July 2015.  
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Fig. 4.14: Vertical profiles of RH as a function of T (°C) from the two PF 6 July spirals (Spiral 1 and 2; dark blue and maroon lines, 
respectively) which occurred behind a frontal squall line. Profiles from each of the other PECAN spirals are underlaid for reference 
(thin dark grey lines). 
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Fig. 4.15: As in Fig. 4.14 but with vertical profiles of Nt (cm−3). 
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Fig. 4.16: As in Fig. 4.14 but with vertical profiles of TWC (g m−3). 
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Fig. 4.17: As in Fig. 4.14 but with vertical profiles of Dmm (mm). 
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Fig. 4.18: Vertical profiles of the ESR RIJ spirals (20 June S4 and S5) aggregated  𝑹𝑯awwwww and 25th-75th percentile spreads of 𝑹𝑯 (red 
line and shading, respectively), with a separate plot of the 20 June S7 RH observations (black line). The aggregated 𝑹𝑯awwwww and 𝑹𝑯 
spread of all PECAN ESR non-RIJ spirals is also plotted (blue line, and shading, respectively). 
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Fig. 4.19: As in Fig. 4.18 but with vertical profiles of Nt (cm−3). 
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Fig. 4.20: As in Fig. 4.18 but with vertical profiles of TWC (g m−3). 
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Fig. 4.21: As in Fig. 4.18 but with vertical profiles of Dmm (mm). 
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Fig. 4.22: Vertical profiles of RH (%) as functions of T (°C) within each MCS zone. (a) The two PECAN TZ spiral profiles are 
plotted (20 June S1: orange line, 20 June S2: black line) along with the single BAMEX TZ spiral (purple line). (b) The 25th-75th 
percentile range of the PECAN and BAMEX 𝑹𝑯 (%; shaded blue and red, respectively, with dashed boundaries) and 𝑹𝑯a  (%; blue 
and red solid lines) for the 27 PECAN and nine BAMEX ESR spirals. (c) As in (b), but for the five PECAN AR spirals (green 
shading and line), with the outlier June 17 AR spiral (magenta line) and the two BAMEX AR spirals (21 June: dark blue line; 6 
July: dark red line) shown separately. 
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Fig. 4.23: As in Fig. 4.22 but with vertical profiles of Nt (cm−3) as functions of T (°C) within each MCS zone. 
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Fig. 4.24: As in Fig. 4.22, but with (a) TWC as a function of T (°C) for the two PECAN TZ spiral profiles (20 June S1: orange 
line, 20 June S2: black line) along with the single BAMEX TZ spiral profile (purple line), and (b) vertical profiles of 𝐓𝐖𝐂d  and 
25th-75th percentile range of 𝐓𝐖𝐂 for the PECAN ESR (g m−3; blue line and shading, respectively), and the approximate range of 
TWC observations as provided in M07 (their Fig. 14, without the 24 May spiral 1, 2 June spiral 2, and 29 June spiral 1 profiles) 
given by the red shaded region, with a qualitatively determined median within (dark red line). 
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Chapter 5: Discussion and Conclusions 
Prior to the Plains Elevated Convection at Night project (PECAN), only one study, the 2003 
Bow Echo and Mesoscale Convective Vortex Experiment (BAMEX; Davis et al., 2004), 
systematically observed the microphysical characteristics using multiple spiral descents within 
midlatitude MCSs. In addition, Rutledge et al. (1988) and Willis & Heymsfield (1989) provided 
analyses of a single quasi-Lagrangian spiral descent in the ESR of the 10-11 June 1985 
PRE-STORM MCS. The primary mission of the NOAA P-3 and Naval Research Laboratory 
(NRL) P-3 aircrafts employed during BAMEX was to observe the kinematic structure of MCSs, 
particularly bow echoes and mesoscale convective vortices. This was accomplished by prioritizing 
straight and level pseudo dual-Doppler (PDD) flight legs both ahead of and behind the CL, using 
the NRL P-3 and NOAA P-3, respectively. The secondary objective was for the NOAA P-3 to 
conduct spiral descents to the rear of the CL within the TZ, ESR, and AR to observe the 
microphysical and thermodynamic structure of those regions. Only 16 spiral descents were 
executed within 10 MCSs in BAMEX, where five of those MCS missions consisted of a single 
spiral each, four consisted of two spirals, while a single mission had three spirals. Of these 16 
spirals, only one was performed in the formative stages of MCS development and, prior to PECAN, 
gathered the only in-situ thermodynamic and microphysical observations of the TZ and rear inflow 
notch region. The remaining 15 spirals were within mature and weakening stages of MCSs closely 
resembling the Houze et al. (1989) leading-line/trailing stratiform MCS archetype. The work of 
M07, S09, and G09 described the results of these observations and helped lay the foundation for 
similar observations and analyses during PECAN. 
The primary objective of the NOAA P-3 platform during PECAN was to observe the 
microphysical and thermodynamic structure of nocturnal MCSs at all stages of evolution and 
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across the TZ, ESR and AR. With this as the focus, 37 spirals were executed within clouds across 
six different MCSs, with as many as 16 spirals performed in a single mission. While the BAMEX 
MCSs were observed in the Midwest United States, the six PECAN MCSs with airborne 
microphysical observations were located over the Great Plains. In addition, the PECAN spirals 
included observations across all stages of system evolution, with many spirals located further from 
the CL than in BAMEX.  
The 20 June 2015 MCS observed in PECAN yielded the only other in-situ microphysical and 
thermodynamic observations within the TZ and rear inflow notch of an MCS besides the one 
observed during BAMEX. Additional spiral profiles on 20 June provided observations spanning 
multiple MCS regions offering the first opportunity to-date to analyze the spatial and temporal 
evolution of the microphysical and thermodynamic characteristics within and adjacent to the RIJ. 
The primary findings of the in-depth analysis of the 20 June MCS, presented in Chapter 3, were: 
1) Within the TZ/rear inflow notch, cooling by sublimation of particles within the 
increasingly subsaturated environment of the ML likely contributed to an observed delay 
in melting at temperatures warmer than 0°C. Column modeling results from G09 of the 
only other spiral profile in a TZ/rear inflow notch imply that mesoscale descent, likely 
associated with the descent of the RIJ, must have been present at the time and location of 
S2 to account for the observed degree of subsaturation and the presence of ice to 
T = +6.8°C. These observations, coupled with the prior BAMEX observations, provide 
strong evidence that ice particles can survive to very warm temperatures within the 
downdrafts that characterize the TZ.  
2) Aggregation was ubiquitous within each of the 20 June spirals for all T < 0°C, as reflected 
by CIP particle imagery of aggregates of varying shapes and sizes, and simultaneous 
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reductions of N(D) and M(D) for small particles with increasing T. However, a concurrent 
increase in N(D) for larger particles, indicative of a growing number of aggregates, was 
only observed in S7, the most saturated of the RIJ spirals, and the closest spiral to the CL. 
An increase in N(D) was not observed within the layer of subfreezing, subsaturated air 
above the ML of S2, S4, and S5, likely due to sublimation limiting aggregation. N(D) also 
did not increase within ice-saturated layers of S4 and S5. This was attributed to sampling 
different particle populations while crossing through the transition region separating the 
FTR and RTF flow regimes. The same trend within the ice-saturated region of S6 was 
likely attributable to some combination of horizontal inhomogeneity and the sampling of 
different particle populations. 
3) The ML was an important thermodynamic boundary separating layers with different 
stability. Different rates of change in T with altitude were observed in the layers above, 
within, and below the ML of each spiral. In addition, the environment of the RIJ spirals 
exhibited a trend of downwards moistening, with the level separating ice-saturated from 
unsaturated conditions located at progressively warmer temperatures (towards 0°C) in 
time and with closer proximity to the CL. This increase in RH within the RIJ spirals 
occurred faster in the sub-zero sub-saturated layer compared to within and below the ML. 
This was attributed to reductions in particle concentrations accompanying changes in fall 
velocity associated with the phase change across the ML. This phenomenon was also 
observed in spirals in the mature region of BAMEX MCSs (S09, G09). 
4) Mesoscale descent of the RIJ was likely responsible for the persistence of observed layers 
of sub-saturation immediately above the ML of each of the RIJ spirals. The results of G09 
showed that, in the absence of mesoscale descent, saturation would have been reached 
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both above and within the ML of these spirals within the period of time over which 
precipitation had been falling.  
Unlike the systems observed during BAMEX, and with the exception of the 20 June MCS, 
most PECAN MCSs with microphysical profiles did not strongly conform to the Houze et al. 
(1989) MCS archetype. As such, these data provided a unique opportunity to examine the 
microphysical structure across the TS, as well as the PS and NL archetypes, and to see the degree 
to which the BAMEX conclusions apply to different structures of MCSs. 
A set of 35 PECAN spirals within cloud were incorporated into a broader statistical analysis 
to assess the microphysical and thermodynamic characteristics typical of the TZ, ESR, and AR of 
the PECAN MCSs. While these MCS regions are traditionally discussed in the context of the TS 
MCS archetype, these region classifications were extended to areas of the PS and NL systems 
sharing common reflectivity structures. Inclusion of all spirals within one classification system 
afforded an opportunity to assess the degree to which thermodynamic and microphysical 
characteristics vary from that of the TS alone, as exemplified by the BAMEX dataset. Five other 
spirals were excluded from this analysis due to sampling predominantly clear air, including all 
three LS spirals. The remaining two spirals sampled the stratiform region trailing a frontal squall 
line and were considered separately as they did not conform to the microphysical profiles in either 
the BAMEX or PECAN MCSs.  
In total, 27 spirals were executed in the ESR, six in the AR, with one complete spiral in the 
TZ/rear inflow notch, supplemented by observations at T < −9°C in a shallow spiral at the same 
location. In comparison, the S09 BAMEX analysis of a similar nature consisted of nine spirals in 
the ESR, two in the AR, and one in the TZ/rear inflow notch. The primary findings of the PECAN 
MCS analysis were as follows: 
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1) Aggregation was common to each of the three MCS zones in both PECAN and BAMEX, 
with greater impacts on the temperature dependence of the microphysical characteristics 
in the ESR for PECAN than in BAMEX. A characteristic increase in Dmm with increasing 
T which typically accompanies aggregation, indicative of the growing number of larger 
particles and the reduction of smaller particles, was most prevalent in the PECAN ESR 
where the impacts of sublimation were minimal. The impacts of aggregation were found 
to become less prevalent with decreasing RH for T ≤ 0°C in the TZ and AR of both 
projects. 
2) Sublimation had the greatest impact on the microphysical characteristics for T ≤ 0°C in 
the PECAN AR, the impacts of which were observed to decrease as RH approached ice 
saturation within the TZ of PECAN and BAMEX, with minimal importance in the ESR. 
While aggregation was active in both the PECAN and BAMEX AR as observed in particle 
imagery, sublimation was likely responsible for limiting its effectiveness. These 
observations, taken with the results of G09, indicate that the cooling imparted by 
sublimation would be of the greatest magnitude across MCS zones in the subsaturated and 
subfreezing AR where the descent of the RIJ (if present) typically initiates. In addition, 
sublimation combined with downdrafts associated with the descending RIJ in the TZ of 
both BAMEX and PECAN contributed to the observation of ice to temperatures as warm 
as +7°C. 
3) The characteristics of the stratiform region trailing a frontal squall line on 6 July were 
sampled by two spirals and found to be remarkably different from all other PECAN MCS 
spiral profiles, and all but a single BAMEX profile near an MCV center. A high incidence 
of pristine particles was observed in this region, along with increasing values of Nt and 
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TWC with increasing temperature above the ML, opposite the trends in the PECAN MCS 
spirals. The BAMEX MCV spiral also exhibited pristine ice particles, though with only 
Nt increasing with temperature. A source of mesoscale ascent, absent or obscured in the 
regions of the MCS spirals, may have been active in the area of the 6 July squall line 
spirals. 
The observations and analyses of the microphysical and thermodynamic characteristics and 
inferred processes within the PECAN MCSs presented in this study built upon decades of MCS 
research and added to the notably limited set of in-situ thermodynamic and microphysical 
observations within midlatitude MCSs. This dataset has many opportunities for continued 
research, with a number of future studies planned. Significant among these includes: 
1) Reprocessing the BAMEX microphysical dataset using UIOOPS for the removal of 
shattered artifacts, the application of common m-D relations, with common quality control 
and processing. 
2) Implementation of quantitative measures for system intensity, with microphysical and 




Adams-Selin, R. D., S. C. van den Heever, and R. H. Johnson, 2013: Impact of Graupel 
Parameterization Schemes on Idealized Bow Echo Simulations. Mon. Weather Rev., 141, 
1241–1262, doi:10.1175/MWR-D-12-00064.1. 
http://journals.ametsoc.org/doi/abs/10.1175/MWR-D-12-00064.1. 
Alford, A. A., M. I. Biggerstaff, C. L. Ziegler, and D. P. Jorgensen, 2018: A method for 
correcting staggered pulse repetition time (PRT) processor errors. J. Atmos. Ocean. 
Technol.,. 
Atkins, N. T., and M. St. Laurent, 2009a: Bow Echo Mesovortices. Part I: Processes That 
Influence Their Damaging Potential. Mon. Weather Rev., 137, 1497–1513, 
doi:10.1175/2008MWR2649.1. 
http://journals.ametsoc.org/doi/abs/10.1175/2008MWR2649.1. 
——, and ——, 2009b: Bow Echo Mesovortices. Part II: Their Genesis. Mon. Weather Rev., 
137, 1514–1532, doi:10.1175/2008MWR2650.1. 
http://journals.ametsoc.org/doi/abs/10.1175/2008MWR2650.1. 
——, J. M. Arnott, R. W. Przybylinski, R. A. Wolf, and B. D. Ketcham, 2004: Vortex Structure 
and Evolution within Bow Echoes. Part I: Single-Doppler and Damage Analysis of the 29 




——, C. S. Bouchard, R. W. Przybylinski, R. J. Trapp, and G. Schmocker, 2005: Damaging 
Surface Wind Mechanisms within the 10 June 2003 Saint Louis Bow Echo during BAMEX. 
Mon. Weather Rev., 133, 2275–2296, doi:10.1175/MWR2973.1. 
http://journals.ametsoc.org/doi/abs/10.1175/MWR2973.1. 
Baker, B., and R. P. Lawson, 2006: Improvement in Determination of Ice Water Content from 
Two-Dimensional Particle Imagery. Part I: Image-to-Mass Relationships. J. Appl. Meteorol. 
Climatol., 45, 1282–1290, doi:10.1175/JAM2398.1. 
http://journals.ametsoc.org/doi/abs/10.1175/JAM2399.1. 
Bartels, D. L., and R. A. Maddox, 1991: Midlevel Cyclonic Vortices Generated by Mesoseale 




Baumgardner, D., and A. Korolev, 1997: Airspeed corrections for optical array probe sample 
volumes. J. Atmos. Ocean. Technol., 14, 1224–1229, doi:10.1175/1520-
0426(1997)014<1224:ACFOAP>2.0.CO;2. 
 178 
Bell, M. M., M. T. Montgomery, and K. A. Emanuel, 2012: Air-Sea Enthalpy and Momentum 
Exchange at Major Hurricane Wind Speeds Observed during CBLAST. J. Atmos. Sci., 69, 
3197–3222, doi:10.1175/JAS-D-11-0276.1. 
http://journals.ametsoc.org/doi/abs/10.1175/JAS-D-11-0276.1. 
——, W.-C. Lee, C. A. Wolff, and H. Cai, 2013: A Solo-Based Automated Quality Control 
Algorithm for Airborne Tail Doppler Radar Data. J. Appl. Meteorol. Climatol., 52, 2509–
2528, doi:10.1175/JAMC-D-12-0283.1. http://journals.ametsoc.org/doi/abs/10.1175/JAMC-
D-12-0283.1. 
——, J. Martinez, D. M. Stechman, R. M. Rauber, G. M. McFarquhar, and A. Marchi, 2018: 
Structure and Dynamics of an Intense Rear-Inflow Jet Observed on 20 June 2015 during 
PECAN. Proceedings of the 98th AMS Annual Meeting, Austin, TX 
https://ams.confex.com/ams/98Annual/meetingapp.cgi/Paper/334395. 
Biggerstaff, M. I., and R. A. Houze, 1991: Kinematic and Precipitation Structure of the 10–11 




——, and ——, 1993: Kinematics and Microphysics of the Transition Zone of the 10–11 June 




Bodine, D. J., and K. L. Rasmussen, 2017: Evolution of Mesoscale Convective System 
Organizational Structure and Convective Line Propagation. Mon. Weather Rev., 145, 3419–
3440, doi:10.1175/MWR-D-16-0406.1. http://journals.ametsoc.org/doi/10.1175/MWR-D-
16-0406.1. 
Bosart, B. L., W.-C. Lee, and R. M. Wakimoto, 2002: Procedures to Improve the Accuracy of 
Airborne Doppler Radar Data. J. Atmos. Ocean. Technol., 19, 322–339, doi:10.1175/1520-
0426-19.3.322. http://journals.ametsoc.org/doi/abs/10.1175/1520-0426-19.3.322. 
Brandes, E. A., 1990: Evolution and Structure of the 6–7 May 1985 Mesoscale Convective 




Braun, S. A., and R. A. Houze, 1994: The Transition Zone and Secondary Maximum of Radar 
Reflectivity behind a Midlatitude Squall Line: Results Retrieved from Doppler Radar Data. 





——, and ——, 1997: The Evolution of the 10–11 June 1985 PRE-STORM Squall Line: 




Brown, P. R. A., and P. N. Francis, 1995: Improved Measurements of the Ice Water Content in 
Cirrus Using a Total-Water Probe. J. Atmos. Ocean. Technol., 12, 410–414, 
doi:10.1175/1520-0426(1995)012<0410:IMOTIW>2.0.CO;2. 
http://dx.doi.org/10.1175/1520-0426(1995)012%3C0410:IMOTIW%3E2.0.CO%5Cn2. 
Cai, H., W.-C. Lee, M. M. Bell, C. A. Wolff, X. Tang, and F. Roux, 2018: A Generalized 
Navigation Correction Method for Airborne Doppler Radar Data. J. Atmos. Ocean. 
Technol., JTECH-D-18-0028.1, doi:10.1175/JTECH-D-18-0028.1. 
http://journals.ametsoc.org/doi/10.1175/JTECH-D-18-0028.1. 
Conzemius, R. J., R. W. Moore, M. T. Montgomery, and C. A. Davis, 2007: Mesoscale 
Convective Vortex Formation in a Weakly Sheared Moist Neutral Environment. J. Atmos. 
Sci., 64, 1443–1466, doi:10.1175/JAS3898.1. 
http://journals.ametsoc.org/doi/abs/10.1175/JAS3898.1. 
Cunning, J. B., 1986: The Oklahoma-Kansas. Preliminary Regional Experiment for STORM-




Davis, C. A., and M. L. Weisman, 1994: Balanced Dynamics of Mesoscale Vortices Produced in 




——, and T. J. Galarneau, 2009: The Vertical Structure of Mesoscale Convective Vortices. J. 
Atmos. Sci., 66, 686–704, doi:10.1175/2008JAS2819.1. 
http://journals.ametsoc.org/doi/abs/10.1175/2008JAS2819.1. 
——, D. A. Ahijevych, and S. B. Trier, 2002: Detection and Prediction of Warm Season 




——, and Coauthors, 2004: The Bow Echo and MCV Experiment: Observations and 




Eastin, M. D., P. G. Black, and W. M. Gray, 2002: Flight-Level Thermodynamic Instrument 




Field, P. R., R. Wood, P. R. A. Brown, P. H. Kaye, E. Hirst, R. Greenaway, and J. A. Smith, 
2003: Ice particle interarrival times measured with a fast FSSP. J. Atmos. Ocean. Technol., 
20, 249–261, doi:10.1175/1520-0426(2003)020<0249:IPITMW>2.0.CO;2. 
——, A. J. Heymsfield, and A. Bansemer, 2006: Shattering and Particle Interarrival Times 
Measured by Optical Array Probes in Ice Clouds. J. Atmos. Ocean. Technol., 23, 1357–
1371, doi:10.1175/JTECH1922.1. 
http://journals.ametsoc.org/doi/abs/10.1175/JTECH1922.1. 
Foerster, A. M., and M. M. Bell, 2017: Thermodynamic Retrieval in Rapidly Rotating Vortices 
from Multiple-Doppler Radar Data. J. Atmos. Ocean. Technol., 34, 2353–2374, 
doi:10.1175/JTECH-D-17-0073.1. http://journals.ametsoc.org/doi/10.1175/JTECH-D-17-
0073.1. 
——, ——, P. A. Harr, and S. C. Jones, 2014: Observations of the Eyewall Structure of Typhoon 
Sinlaku (2008) during the Transformation Stage of Extratropical Transition. Mon. Weather 
Rev., 142, 3372–3392, doi:10.1175/MWR-D-13-00313.1. 
http://journals.ametsoc.org/doi/abs/10.1175/MWR-D-13-00313.1. 
Fovell, R. G., and Y. Ogura, 1988: Numerical Simulation of a Midlatitude Squall Line in Two 
Dimensions. J. Atmos. Sci., 45, 3846–3879, doi:10.1175/1520-
0469(1988)045<3846:NSOAMS>2.0.CO;2. 
Gallus, W. A., 1996: The influence of Microphysics in the Formation of Intense Wake Lows: A 




——, and R. H. Johnson, 1995: The Dynamics of Circulations within the Trailing Stratiform 
Regions of Squall Lines. Part II: Influence of the Convective Line and Ambient 




——, N. A. Snook, and E. V. Johnson, 2008: Spring and Summer Severe Weather Reports over 
the Midwest as a Function of Convective Mode: A Preliminary Study. Weather Forecast., 




Gao, J., M. Xue, A. Shapiro, and K. K. Droegemeier, 1999: A Variational Method for the 
Analysis of Three-Dimensional Wind Fields from Two Doppler Radars. Mon. Weather 
Rev., 127, 2128–2142, doi:10.1175/1520-0493(1999)127<2128:AVMFTA>2.0.CO;2. 
http://journals.ametsoc.org/doi/abs/10.1175/1520-
0493%281999%29127%3C2128%3AAVMFTA%3E2.0.CO%3B2. 
——, ——, K. Brewster, and K. K. Droegemeier, 2004: A Three-Dimensional Variational Data 




Geerts, B., and Coauthors, 2017: The 2015 Plains Elevated Convection at Night Field Project. 
Bull. Am. Meteorol. Soc., 98, 767–786, doi:10.1175/BAMS-D-15-00257.1. 
http://journals.ametsoc.org/doi/10.1175/BAMS-D-15-00257.1. 
Grim, J. A., G. M. McFarquhar, R. M. Rauber, A. M. Smith, and B. F. Jewett, 2009a: 
Microphysical and Thermodynamic Structure and Evolution of the Trailing Stratiform 
Regions of Mesoscale Convective Systems during BAMEX. Part II: Column Model 
Simulations. Mon. Weather Rev., 137, 1186–1205, doi:10.1175/2008MWR2505.1. 
http://journals.ametsoc.org/doi/abs/10.1175/2008MWR2504.1. 
——, R. M. Rauber, G. M. McFarquhar, B. F. Jewett, and D. P. Jorgensen, 2009b: Development 
and Forcing of the Rear Inflow Jet in a Rapidly Developing and Decaying Squall Line 
during BAMEX. Mon. Weather Rev., 137, 1206–1229, doi:10.1175/2008MWR2503.1. 
http://journals.ametsoc.org/doi/abs/10.1175/2008MWR2503.1. 
Gu, Y., and K. N. Liou, 2000: Interactions of Radiation, Microphysics, and Turbulence in the 




Haertel, P. T., and R. H. Johnson, 2000: The Linear Dynamics of Squall Line Mesohighs and 




Helmus, J. J., and S. M. Collis, 2016: The Python ARM Radar Toolkit (Py-ART), a Library for 
Working with Weather Radar Data in the Python Programming Language. J. Open Res. 
Softw., 4, doi:10.5334/jors.119. 
http://openresearchsoftware.metajnl.com/articles/10.5334/jors.119/. 
Heymsfield, A. J., A. Bansemer, M. R. Poellot, and N. Wood, 2015: Observations of Ice 
Microphysics through the Melting Layer. J. Atmos. Sci., 72, 2902–2928, doi:10.1175/JAS-
D-14-0363.1. http://journals.ametsoc.org/doi/10.1175/JAS-D-14-0363.1. 
 182 
Hogan, R. J., L. Tian, P. R. A. Brown, C. D. Westbrook, A. J. Heymsfield, and J. D. Eastment, 
2012: Radar Scattering from Ice Aggregates Using the Horizontally Aligned Oblate 
Spheroid Approximation. J. Appl. Meteorol. Climatol., 51, 655–671, doi:10.1175/JAMC-D-
11-074.1. http://journals.ametsoc.org/doi/abs/10.1175/JAMC-D-11-074.1. 
Holroyd, E. W., 1987: Some Techniques and Uses of 2D-C Habit Classification Software for 
Snow Particles. J. Atmos. Ocean. Technol., 4, 498–511, doi:10.1175/1520-
0426(1987)004<0498:STAUOC>2.0.CO;2. http://dx.doi.org/10.1175/1520-
0426(1987)004%3C0498:STAUOC%3E2.0.CO%5Cn2. 
Houze, R. A., 1977: Structure and Dynamics of a Tropical Squall–Line System. Mon. Weather 
Rev., 105, 1540–1567, doi:10.1175/1520-0493(1977)105<1540:SADOAT>2.0.CO;2. 
http://journals.ametsoc.org/doi/abs/10.1175/1520-
0493%281977%29105%3C1540%3ASADOAT%3E2.0.CO%3B2. 
——, 2018: 100 Years of Research on Mesoscale Convective Systems. Meteorol. Monogr., 
AMSMONOGRAPHS-D-18-0001.1, doi:10.1175/AMSMONOGRAPHS-D-18-0001.1. 
http://journals.ametsoc.org/doi/10.1175/AMSMONOGRAPHS-D-18-0001.1. 
——, and E. N. Rappaport, 1984: Air Motions and Precipitation Structure of an Early Summer 




——, M. I. Biggerstaff, S. A. Rutledge, and B. F. Smull, 1989: Interpretation of Doppler 
Weather Radar Displays of Midlatitude Mesoscale Convective Systems. Bull. Am. 




Jackson, R. C., and G. M. McFarquhar, 2014: An Assessment of the Impact of Antishattering 
Tips and Artifact Removal Techniques on Bulk Cloud Ice Microphysical and Optical 
Properties Measured by the 2D Cloud Probe. J. Atmos. Ocean. Technol., 31, 2131–2144, 
doi:10.1175/JTECH-D-14-00018.1. http://dx.doi.org/10.1175/JTECH-D-14-00018.1. 
——, ——, J. L. Stith, M. Beals, R. A. Shaw, J. Jensen, J. Fugal, and A. Korolev, 2014: An 
Assessment of the Impact of Antishattering Tips and Artifact Removal Techniques on 
Cloud Ice Size Distributions Measured by the 2D Cloud Probe. J. Atmos. Ocean. Technol., 
31, 2567–2590, doi:10.1175/JTECH-D-13-00239.1. 
http://journals.ametsoc.org/doi/abs/10.1175/JTECH-D-13-00239.1. 
James, E. P., and R. H. Johnson, 2010: Patterns of Precipitation and Mesolow Evolution in 




Jensen, A. A., J. Y. Harrington, and H. Morrison, 2018: Microphysical Characteristics of Squall-
Line Stratiform Precipitation and Transition Zones Simulated Using an Ice Particle 
Property-Evolving Model. Mon. Weather Rev., 146, 723–743, doi:10.1175/MWR-D-17-
0215.1. http://journals.ametsoc.org/doi/10.1175/MWR-D-17-0215.1. 
Jensen, M. P., and Coauthors, 2016: The Midlatitude Continental Convective Clouds Experiment 
(MC3E). Bull. Am. Meteorol. Soc., 97, 1667–1686, doi:10.1175/BAMS-D-14-00228.1. 
http://journals.ametsoc.org/doi/10.1175/BAMS-D-14-00228.1. 
Johns, R. H., 1993: Meteorological Conditions Associated with Bow Echo Development in 




Johnson, R. H., and P. J. Hamilton, 1988: The Relationship of Surface Pressure Features to the 
Precipitation and Airflow Structure of an Intense Midlatitude Squall Line. Mon. Weather 
Rev., 116, 1444–1473, doi:10.1175/1520-0493(1988)116<1444:TROSPF>2.0.CO;2. 
http://journals.ametsoc.org/doi/abs/10.1175/1520-
0493%281988%29116%3C1444%3ATROSPF%3E2.0.CO%3B2. 
——, P. E. Ciesielski, and K. A. Hart, 1996: Tropical Inversions near the 0°C Level. J. Atmos. 
Sci., 53, 1838–1855, doi:10.1175/1520-0469(1996)053<1838:TINTL>2.0.CO;2. 
http://journals.ametsoc.org/doi/abs/10.1175/1520-
0469%281996%29053%3C1838%3ATINTL%3E2.0.CO%3B2. 
Jorgensen, D. P., and B. F. Smull, 1993: Mesovortex Circulations Seen by Airborne Doppler 




——, T. J. Matejka, and J. D. DuGranrut, 1996: Multi-beam techniques for deriving wind fields 
from airborne doppler radars. Meteorol. Atmos. Phys., 59, 83–104, 
doi:10.1007/BF01032002. http://link.springer.com/10.1007/BF01032002. 
——, T. R. Shepherd, and A. S. Goldstein, 2000: A Dual-Pulse Repetition Frequency Scheme 
for Mitigating Velocity Ambiguities of the NOAA P-3 Airborne Doppler Radar. J. Atmos. 




Klimowski, B. A., 1994: Initiation and Development of Rear Inflow within the 28-29 June 1989 





Knupp, K. R., B. Geerts, and J. D. Tuttle, 1998: Analysis of a Small, Vigorous Mesoscale 
Convective System in a Low-Shear Environment. Part II: Evolution of the Stratiform 




Korolev, A., and G. A. Isaac, 2005: Shattering during Sampling by OAPs and HVPS. Part I: 
Snow Particles. J. Atmos. Ocean. Technol., 22, 528–542, doi:10.1175/JTECH1720.1. 
http://journals.ametsoc.org/doi/abs/10.1175/JTECH1720.1. 
——, E. Emery, J. W. Strapp, S. Cober, G. A. Isaac, M. Wasey, and D. Marcotte, 2011: Small 
ice particles in tropospheric clouds: Fact or artifact? Airborne icing instrumentation 
evaluation experiment. Bull. Am. Meteorol. Soc., 92, 967–973, 
doi:10.1175/2010BAMS3141.1. 
Lang, T. J., D. A. Ahijevych, S. W. Nesbitt, R. E. Carbone, S. A. Rutledge, and R. Cifelli, 2007: 
Radar-Observed Characteristics of Precipitating Systems during NAME 2004. J. Clim., 20, 
1713–1733, doi:10.1175/JCLI4082.1. 
http://journals.ametsoc.org/doi/abs/10.1175/JCLI4082.1. 
——, B. Dolan, and N. Guy, 2017: CSU-Radarmet/CSU_RadarTools: CSU_RadarTools v1.2. 
doi:10.5281/zenodo.1035907. 
Lo, K. K., and R. E. Passarelli, 1982: The Growth of Snow in Winter Storms:. An Airborne 




Loehrer, S. M., and R. H. Johnson, 1995: Surface Pressure and Precipitation Life Cycle 




Lord, S. J., H. E. Willoughby, and J. M. Piotrowicz, 1984: Role of a Parameterized Ice-Phase 
Microphysics in an Axisymmetric, Nonhydrostatic Tropical Cyclone Model. J. Atmos. Sci., 
41, 2836–2848, doi:10.1175/1520-0469(1984)041<2836:ROAPIP>2.0.CO;2. 
Lowe, P. R., and J. M. Ficke, 1974: The Computation of Saturation Vapor Pressure. Monterey, 
CA, 28 pp. 






——, 1983: Large-Scale Meteorological Conditions Associated with Midlatitude, Mesoscale 




Marinescu, P. J., S. C. van den Heever, S. M. Saleeby, and S. M. Kreidenweis, 2016: The 
microphysical contributions to and evolution of latent heating profiles in two MC3E MCSs. 
J. Geophys. Res. Atmos., 121, 7913–7935, doi:10.1002/2016JD024762. 
http://doi.wiley.com/10.1002/2016JD024762. 
Matejka, T. J., 2002: Estimating the Most Steady Frame of Reference from Doppler Radar Data. 




McFarquhar, G. M., and A. J. Heymsfield, 1996: Microphysical Characteristics of Three Anvils 




——, M. S. Timlin, R. M. Rauber, B. F. Jewett, J. A. Grim, and D. P. Jorgensen, 2007a: Vertical 
Variability of Cloud Hydrometeors in the Stratiform Region of Mesoscale Convective 
Systems and Bow Echoes. Mon. Weather Rev., 135, 3405–3428, doi:10.1175/MWR3444.1. 
http://dx.doi.org/10.1175/MWR3444.1. 
——, J. Um, M. Freer, D. Baumgardner, G. L. Kok, and G. Mace, 2007b: Importance of small 
ice crystals to cirrus properties: Observations from the Tropical Warm Pool International 
Cloud Experiment (TWP-ICE). Geophys. Res. Lett., 34, 1–6, doi:10.1029/2007GL029865. 
——, and Coauthors, 2011: Indirect and semi-direct aerosol campaign: The impact of arctic 
aerosols on clouds. Bull. Am. Meteorol. Soc., 92, 183–201, doi:10.1175/2010BAMS2935.1. 
——, T.-L. Hsieh, M. Freer, J. Mascio, and B. F. Jewett, 2015: The Characterization of Ice 
Hydrometeor Gamma Size Distributions as Volumes in N0–λ–µ Phase Space: Implications 
for Microphysical Process Modeling. J. Atmos. Sci., 72, 892–909, doi:10.1175/JAS-D-14-
0011.1. http://dx.doi.org/10.1175/JAS-D-14-0011.1. 
——, and Coauthors, 2017: Processing of Ice Cloud In Situ Data Collected by Bulk Water, 
Scattering, and Imaging Probes: Fundamentals, Uncertainties, and Efforts toward 




——, J. A. Finlon, D. M. Stechman, W. Wu, R. C. Jackson, and M. Freer, 2018: University of 
Illinois/Oklahoma Optical Array Probe (OAP) Processing Software. 
doi:10.5281/zenodo.1285969. 
Menard, R. D., and J. M. Fritsch, 1989: A Mesoscale Convective Complex-Generated Inertially 




Miller, L. J., C. G. Mohr, and A. J. Weinheimer, 1986: The Simple Rectification to Cartesian 
Space of Folded Radial Velocities from Doppler Radar Sampling. J. Atmos. Ocean. 
Technol., 3, 162–174, doi:10.1175/1520-0426(1986)003<0162:TSRTCS>2.0.CO;2. 
http://journals.ametsoc.org/doi/abs/10.1175/1520-
0426%281986%29003%3C0162%3ATSRTCS%3E2.0.CO%3B2. 
Miller, M. J., 1978: The Hampstead storm: A numerical simulation of a quasi-stationary 
cumulonimbus system. Q. J. R. Meteorol. Soc., 104, 413–427, doi:10.1002/qj.49710444014. 
http://doi.wiley.com/10.1002/qj.49710444014. 
Mohr, C. G., 1988: CEDRIC-Cartesian Space Data Processor: Technical Report. 78. 
——, L. Jay Miller, R. L. Vaughan, and H. W. Frank, 1986: The Merger of Mesoscale Datasets 
into a Common Cartesian Format for Efficient and Systematic Analyses. J. Atmos. Ocean. 
Technol., 3, 143–161, doi:10.1175/1520-0426(1986)003<0143:TMOMDI>2.0.CO;2. 
http://journals.ametsoc.org/doi/abs/10.1175/1520-
0426%281986%29003%3C0143%3ATMOMDI%3E2.0.CO%3B2. 
Morrison, H., and J. A. Milbrandt, 2015: Parameterization of Cloud Microphysics Based on the 
Prediction of Bulk Ice Particle Properties. Part I: Scheme Description and Idealized Tests. J. 
Atmos. Sci., 72, 287–311, doi:10.1175/JAS-D-14-0065.1. 
http://journals.ametsoc.org/doi/10.1175/JAS-D-14-0065.1. 
Nachamkin, J. E., R. L. McAnelly, and W. R. Cotton, 1994: An Observational Analysis of a 




Newman, J. F., and P. L. Heinselman, 2012: Evolution of a Quasi-Linear Convective System 
Sampled by Phased Array Radar. Mon. Weather Rev., 140, 3467–3486, doi:10.1175/MWR-
D-12-00003.1. http://journals.ametsoc.org/doi/abs/10.1175/MWR-D-12-00003.1. 





Ooyama, K. V., 2002: The Cubic-Spline Transform Method: Basic Definitions and Tests in a 1D 




Oye, R., C. Mueller, and S. Smith, 1995: Software for radar translation, visualization, editing, 
and interpolation. Preprints, 27th Conf. on Radar Meteorology, Vail, CO, American 
Meteorological Society, 359–361. 
Parker, M. D., and R. H. Johnson, 2000: Organizational Modes of Midlatitude Mesoscale 
Convective Systems. Mon. Weather Rev., 128, 3413–3436, doi:10.1175/1520-
0493(2001)129<3413:OMOMMC>2.0.CO;2. 
Penny, A. B., P. A. Harr, and M. M. Bell, 2015: Observations of a nondeveloping tropical 
disturbance in the Western North Pacific during TCS-08 (2008). Mon. Weather Rev., 143, 
2459–2484, doi:10.1175/MWR-D-14-00163.1. http://dx.doi.org/10.1175/MWR-D-14-
00163.1. 
Przybylinski, R. W., 1995: The Bow Echo: Observations, Numerical Simulations, and Severe 




Purser, R. J., W.-S. Wu, D. F. Parrish, and N. M. Roberts, 2003: Numerical Aspects of the 
Application of Recursive Filters to Variational Statistical Analysis. Part I: Spatially 





Quinting, J. . F., M. M. Bell, P. A. Harr, and S. C. Jones, 2014: Structural Characteristics of T-
PARC Typhoon Sinlaku during Its Extratropical Transition. Mon. Weather Rev., 142, 1945–
1961, doi:10.1175/MWR-D-13-00306.1. 
http://search.ebscohost.com/login.aspx?direct=true&db=inh&AN=15358875&site=ehost-
live%5CnCollection URL: http://journals.ametsoc.org/loi/mwre.DOI: 10.1175/MWR-D-13-
00306.1. 
Rasmussen, E. N., and S. A. Rutledge, 1993: Evolution of Quasi-Two-Dimensional Squall Lines. 






Rasmussen, R., and H. R. Pruppacher, 1982: A Wind Tunnel and Theoretical Study of the 
Melting Behavior of Atmospheric Ice Particles. I: A Wind Tunnel Study of Frozen Drops of 




Ray, P. S., K. K. Wagner, K. W. Johnson, J. J. Stephens, W. C. Bumgarner, and E. A. Mueller, 




Reasor, P. D., M. D. Eastin, and J. F. Gamache, 2009: Rapidly Intensifying Hurricane Guillermo 
(1997). Part I: Low-Wavenumber Structure and Evolution. Mon. Weather Rev., 137, 603–
631, doi:10.1175/2008MWR2487.1. 
http://journals.ametsoc.org/doi/abs/10.1175/2008MWR2487.1. 
Rogers, R. F., and J. M. Fritsch, 2001: Surface Cyclogenesis from Convectively Driven 




——, and Coauthors, 2017: Rewriting the Tropical Record Books: The Extraordinary 
Intensification of Hurricane Patricia (2015). Bull. Am. Meteorol. Soc., 98, 2091–2112, 
doi:10.1175/BAMS-D-16-0039.1. http://journals.ametsoc.org/doi/10.1175/BAMS-D-16-
0039.1. 
Rutledge, S. A., and R. A. Houze, 1987: A Diagnostic Modeling Study of the Trailing Stratiform 




——, ——, M. I. Biggerstaff, and T. J. Matejka, 1988a: The Oklahoma–Kansas Mesoscale 
Convective System of 10–11 June 1985: Precipitation Structure and Single-Doppler Radar 




——, ——, A. J. Heymsfield, and M. I. Biggerstaff, 1988b: Dual-Doppler and airborne 
microphysical observations in the stratiform region of the 10-11 June MCS over Kansas 
during PRE-STORM. Preprints, 10th International Cloud Physics Conference, Bad 
Homburg, Germany, Deutscher Wetterdienst, 702–704. 
 
 189 
Schenkman, A. D., M. Xue, A. Shapiro, K. Brewster, and J. Gao, 2011a: The Analysis and 
Prediction of the 8–9 May 2007 Oklahoma Tornadic Mesoscale Convective System by 
Assimilating WSR-88D and CASA Radar Data Using 3DVAR. Mon. Weather Rev., 139, 
224–246, doi:10.1175/2010MWR3336.1. 
http://journals.ametsoc.org/doi/abs/10.1175/2010MWR3336.1. 
——, ——, ——, ——, and ——, 2011b: Impact of CASA Radar and Oklahoma Mesonet Data 
Assimilation on the Analysis and Prediction of Tornadic Mesovortices in an MCS. Mon. 
Weather Rev., 139, 3422–3445, doi:10.1175/MWR-D-10-05051.1. 
http://journals.ametsoc.org/doi/abs/10.1175/MWR-D-10-05051.1. 
——, ——, and ——, 2012: Tornadogenesis in a Simulated Mesovortex within a Mesoscale 
Convective System. J. Atmos. Sci., 69, 3372–3390, doi:10.1175/JAS-D-12-038.1. 
http://journals.ametsoc.org/doi/abs/10.1175/JAS-D-12-038.1. 
Schumacher, R. S., and R. H. Johnson, 2009: Quasi-Stationary, Extreme-Rain-Producing 
Convective Systems Associated with Midlevel Cyclonic Circulations. Weather Forecast., 
24, 555–574, doi:10.1175/2008WAF2222173.1. 
http://journals.ametsoc.org/doi/abs/10.1175/2008WAF2222173.1. 
——, A. J. Clark, M. Xue, and F. Kong, 2013: Factors Influencing the Development and 
Maintenance of Nocturnal Heavy-Rain-Producing Convective Systems in a Storm-Scale 
Ensemble. Mon. Weather Rev., 141, 2778–2801, doi:10.1175/MWR-D-12-00239.1. 
http://journals.ametsoc.org/doi/abs/10.1175/MWR-D-12-00239.1. 
Smith, A. M., G. M. McFarquhar, R. M. Rauber, J. A. Grim, M. S. Timlin, B. F. Jewett, and D. 
P. Jorgensen, 2009: Microphysical and Thermodynamic Structure and Evolution of the 
Trailing Stratiform Regions of Mesoscale Convective Systems during BAMEX. Part I: 
Observations. Mon. Weather Rev., 137, 1165–1185, doi:10.1175/2008MWR2504.1. 
http://journals.ametsoc.org/doi/abs/10.1175/2008MWR2504.1. 
Smull, B. F., and R. A. Houze, 1985: A Midlatitude Squall Line with a Trailing Region of 




——, and ——, 1987a: Dual-Doppler Radar Analysis of a Midlatitude Squall Line with a 




——, and ——, 1987b: Rear Inflow in Squall Lines with Trailing Stratiform Precipitation. Mon. 





——, and J. A. Augustine, 1993: Multiscale Analysis of a Mature Mesoscale Convective 




Stumpf, G. J., R. H. Johnson, and B. F. Smull, 1991: The Wake Low in a Midlatitude Mesoseale 




Testud, J., P. H. Hildebrand, and W.-C. Lee, 1995: A Procedure to Correct Airborne Doppler 
Radar Data for Navigation Errors Using the Echo Returned from the Earth’s Surface. J. 




Trapp, R. J., and M. L. Weisman, 2003: Low-Level Mesovortices within Squall Lines and Bow 




——, S. A. Tessendorf, E. S. Godfrey, and H. E. Brooks, 2005: Tornadoes from Squall Lines 
and Bow Echoes. Part I: Climatological Distribution. Weather Forecast., 20, 23–34, 
doi:10.1175/WAF-835.1. http://journals.ametsoc.org/doi/abs/10.1175/WAF-835.1. 
Trier, S. B., and C. A. Davis, 2002: Influence of Balanced Motions on Heavy Precipitation 




——, D. B. Parsons, and J. H. E. Clark, 1991: Environment and Evolution of a Cold-Frontal 




——, C. A. Davis, and W. C. Skamarock, 2000a: Long-Lived Mesoconvective Vortices and 
Their Environment. Part II: Induced Thermodynamic Destabilization in Idealized 





——, ——, and J. D. Tuttle, 2000b: Long-Lived Mesoconvective Vortices and Their 
Environment. Part I: Observations from the Central United States during the 1998 Warm 




Wakimoto, R. M., H. V. Murphey, C. A. Davis, and N. T. Atkins, 2006a: High Winds Generated 
by Bow Echoes. Part II: The Relationship between the Mesovortices and Damaging 
Straight-Line Winds. Mon. Weather Rev., 134, 2813–2829, doi:10.1175/MWR3216.1. 
http://journals.ametsoc.org/doi/abs/10.1175/MWR3216.1. 
——, ——, A. Nester, D. P. Jorgensen, and N. T. Atkins, 2006b: High Winds Generated by Bow 
Echoes. Part I: Overview of the Omaha Bow Echo 5 July 2003 Storm during BAMEX. 
Mon. Weather Rev., 134, 2793–2812, doi:10.1175/MWR3215.1. 
http://journals.ametsoc.org/doi/abs/10.1175/MWR3215.1. 




——, and R. J. Trapp, 2003: Low-Level Mesovortices within Squall Lines and Bow Echoes. Part 




Willis, P. T., and A. J. Heymsfield, 1989: Structure of the Melting Layer in Mesoscale 
Convective System Stratiform Precipitation. J. Atmos. Sci., 46, 2008–2025, 
doi:10.1175/1520-0469(1989)046<2008:SOTMLI>2.0.CO;2. 
Wu, W., and G. M. McFarquhar, 2016: On the impacts of different definitions of maximum 
dimension for nonspherical particles recorded by 2D imaging probes. J. Atmos. Ocean. 
Technol., 33, 1057–1072, doi:10.1175/JTECH-D-15-0177.1. 
Yang, M.-J., and R. A. Houze, 1995: Sensitivity of Squall-Line Rear Inflow to Ice Microphysics 




Yoshizaki, M., 1986: Numerical Simulations of Tropical Squall-line Clusters: Two-dimensional 




Zhang, D.-L., and K. Gao, 1989: Numerical Simulation of an Intense Squall Line during 10–11 
June 1985 PRE-STORM. Part II: Rear Inflow, Surface Pressure Perturbations and 




Zipser, E. J., 1969: The Role of Organized Unsaturated Convective Downdrafts in the Structure 




——, 1977: Mesoscale and Convective–Scale Downdrafts as Distinct Components of Squall-




——, R. J. Meitín, M. A. LeMone, E. J. Zipser, R. J. Meitín, and M. A. LeMone, 1981: 
Mesoscale Motion Fields Associated with a Slowly Moving GATE Convective Band. J. 
Atmos. Sci., 38, 1725–1750, doi:10.1175/1520-
0469(1981)038<1725:MMFAWA>2.0.CO;2. 
http://journals.ametsoc.org/doi/abs/10.1175/1520-
0469%25281981%2529038%253C1725%253AMMFAWA%253E2.0.CO%253B2%5Cnhtt
p://journals.ametsoc.org/doi/abs/10.1175/1520-
0469%281981%29038%3C1725%3AMMFAWA%3E2.0.CO%3B2. 
 
 
